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ABSTRACT
Mid-oceanic carbonate platforms offer a simple setting to study the essentials of 
dolomitization. One such platform is Niue Island, a former coral atoll capping a Miocene-age 
seamount in the South Pacific. Samples from 6 wells (<303 m depth) and 3 outcrops reveal two 
dolomite bodies at -300 to -165 m (Lower Dolomite Unit, LDU) and -30 to +50 m (Upper Dolomite 
Unit, UDU) elevation.
Paleomagnetism and strontium isotope chronostratigraphy place the depositional age of the 
uppermost 340 m at 8.6-1.7 Ma. Generally decreasing accretion rates (62 -19 m/Ma) are 
consistent with subsidence of an extinct seamount.
The distribution of early meteoric diagenesis points to 15 sea-level lowstands between 8.5 and
1.5 Ma. Nine occurred at 6.49-5.33 Ma. Lowstand 1-8 falls were brief (15 ka) and ranged in 
magnitude 30-36 m, whereas Lowstand 9 fell 14 m and lasted 50-178 ka. The six Plio-Pleistocene 
lowstands lasted 15-34 ka and ranged 5-13 m. The record agrees well with the Haq third-order 
eustatic curve.
UDU dolomitization is characterized by near-complete replacement by three dolomite textures 
which are mixtures of three dolomite phases with distinctive crystal, elemental, and stable isotope 
geochemistries. Texture distribution is related to the diagenetic evolution of precursor porosity 
and permeability. LDU dolomitization is marked by partial replacement by one texture composed of 
one phase. There is no relationship between lithofacies and degree of LDU dolomitization.
The LDU dolomites formed >3 Ma after deposition at 5.3,3.9, and 1.2 Ma on the basis of their 
^Sr/^Sr ratios. Lithofacies, stable isotopes, and elemental geochemistry point to seawater- 
mediated dolomitization at temperatures of 20-25°C. The prolonged post-depositional delay and 
deep burial (>110-200 m) suggest dolomitization through Kohout or thermal convection. UDU 
dolomitization occurred <600 ka after deposition during a series of brief events (3.4-1.5 Ma). Each 
dolomitized only a thin interval, but overlapped thus thoroughly replacing the UDU. Lithofacies and 
geochemistry point to seawater-mediated dolomitization near 25°C. The saucer-shaped dolomite
xvi
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bodies with their sharp contacts and platform-wide extent indicate lateral fluid flow. Together with 
the shallow burial depth (< 80 m), the evidence indicates dolomitization by mixing zone- 
entrainment of seawater during sea-level lowstands.
xvii
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CHAPTER 1. INTRODUCTION
In the field of carbonate sedimentology, one of the more persistent questions has been the 
genesis of dolomitization in carbonate sediments. It has generally been recognized since the 
19th century that the original calcite and aragonite minerals composing the sediments are 
replaced by dolomite, so the question concerns two matters: 1) what was the source of the 
magnesium, and 2) what hydrologic system transported the magnesium to, and removed the 
calcium and other byproducts from, the site of dolomitization? A number of Mg sources have been 
proposed, including seawater (Skeats 1918) ranging in concentration from dilute to hypersaline, 
stabilization of high-magnesium calcite sediments (Schlanger 1965), and illitization of smectites 
(discussed and refuted by Morrow (1982) and Land (1985)). A larger number of hydrologic 
systems have been proposed, including hypersaline brine reflux (Adams and Rhodes 1960), 
evaporative pumping (Hsu and Siegenthaler 1969), meteoric-marine mixing zone (Hanshaw et al. 
1971; Badiozamani 1973), mixing zone-entrained flow (Fanning et al. 1981; Vahrenkamp et al. 
1991; Vahrenkamp and Swart 1994), thermal convection (Sailer 1984a, b; Simms 1984; Aharon 
et al. 1987), and compaction flow from basinal clay sediments (llling 1959; Mattes and Mountjoy 
1980; Machel and Mountjoy 1987). An early tendency that persisted into the 1980s was the 
attempt to find a single model, involving a dominant Mg source and hydrologic system, to explain 
most or all occurrences of replacive dolomite in carbonate sediments.
At the time that this study was begun in the spring of 1987, the controversy over the genesis 
of replacive dolomite generally oscillated between two models. One is the hypersaline brine reflux 
model (Adams and Rhodes 1960) in which the Mg source is seawater concentrated to some 
degree by evaporation and the hydrologic system consists of density-driven reflux of the 
concentrated brines downward through the sediments and out to the platform margin. The 
alternative, Dorag model (Hanshaw et al. 1971; Badiozamani 1973) maintains that the Mg source is 
seawater that is partially diluted by freshwater within the meteoric-marine mixing zone that 
underlies a floating meteoric lens on an emergent carbonate platform. The exhausted mixed fluid
1
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discharges as brackish springs near the emergent margin of the platform and is recharged by 
freshwater from the overlying meteoric lens and by seawater from the underlying marine phreatic 
zone. A third model was then coming into vogue, among whom the leading advocates were Sass 
and Katz (1982), Sailer (1984a, b), and Aharon et al. (1987), that resurrected the proposal of 
Skeats (1918) that the Mg source is seawater that is unaltered by either evaporation or dilution. 
The hydrologic system that would pump massive amounts of seawater through the platform 
remained unclear. One possibility proposed by Fanning et al. (1981) was entrainment of seawater 
into the platform beneath a meteoric lens to recharge the seawater lost to the mixing zone. A 
alternative model advocated by Sailer (1984a, b) and Aharon et al. (1987) was thermal convection 
driven by the difference in the temperatures between the platform and the adjacent ocean.
The principle purpose of this study is to determine whether dolomitization by normal seawater 
can occur and whether it is capable of producing the thick intervals of dolomite observed on many 
carbonate platforms. Niue Island, located in the South Pacific Ocean at 19°00’ S, 169°50’ W, offers 
a valuable opportunity to test this hypothesis due to several factors. 1) For at least the last 9 million 
years, Niue has been a carbonate platform devoid of significant silicate rock materials which could 
be potential Mg sources. The underlying extinct volcano consists of basalts which act as Mg sinks 
during both low- and high-temperature weathering (Dudoignon et al. 1989; Guy et al. 1992). 2) 
The carbonate platform surmounts a mid-ocean hotspot seamount (Hill 1983) and therefore is 
isolated from other landmasses that could have supplied Mg by streams or groundwater. 3) Niue 
has been located in the mid-Pacific since the seamount formed, so that the carbonate platform 
has been surrounded and invaded by seawater since its inception. 4) Due to its position on a 
subsiding seamount, the carbonate platform could never have been deeply buried or removed 
from the influence of seawater-derived fluids.
Interpretation of the dolomitization of a carbonate platform requires an understanding of its 
depositional and diagenetic history. Carbonate sediments not only serve as the materials upon 
which diagenesis occurs, but their porosity, permeability, and variable mineral composition also 
help to determine the location, extent, and type of diagenetic alteration. However, the
2
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depositional and diagenetic history of Niue's carbonate platform is only incompletely known. 
Schofield (1959) provided a general description of the platform and its sediments, terraces, and 
age. Schofield and Nelson (1978), Rodgers et al. (1982), and Aharon et al. (1987) described from 
shallow (< 55 m deep) water wells the distribution and origin of the dolomite in the uppermost part 
of the platform. Hill (1983) inferred an Early to Middle Miocene age (12.5-20 Ma) for the underlying 
volcanic seamount from its magnetic signature and thereby provided a maximum age for the 
carbonate platform. Barrie (1979) reported on the five deep wells (< 303 m) drilled by his 
company, but offered no compositional, depositional facies, diagenetic, or age information on the 
section penetrated. An important purpose of this study therefore is to determine the depositional 
and diagenetic history of the Niue platform.
An important part of the depositional and diagenetic history of a shallow-water carbonate 
platform is its experience of relative sea-level fluctuations. The relative sea-level record at Niue is 
known only from terraces whose ages have been inferred by comparison of their present 
elevations with terraces on other Pacific islands and with glacio-eustatic fluctuations studied in 
Europe (Schofield 1959, 1967b). One purpose of this study is to develop a detailed and better- 
dated record of the relative sea-level fluctuations at Niue during the past 9 million years.
The following chapters deal with the above purposes in a mix of published papers and as-yet 
unpublished material. The geologic setting of Niue Island and the prior studies of the Niue 
carbonates are covered in a published paper presented as Chapter 2, which includes an early 
report on the dolomite study. Chapter 3 documents the lithostratigraphy of the platform down to 
-460 m elevation and dates it using strontium isotope and paleomagnetic methods. Chapter 4 
presents the first detailed study of Niue's depositional facies. Chapter 5 covers the diagenetic 
record exclusive of dolomitization of the platform down to -460 m elevation. Chapter 6 utilizes the 
material from the previous chapers to reconstruct the relative sea-level record at Niue. The chapter 
opens with a published paper of early results and concludes with the unpublished final results. 
Finally, Chapter 7 deals with the dolomitization of the Niue platform in a published paper on the Mg 
source and in an unpublished half on the hydrologic system during dolomitization.
3
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CHAPTER 2. GEOLOGY AND HYDROGEOLOGY OF NIUE1
2.1 Introduction
Niue is an uplifted carbonate island situated in the South Pacific at 19°00' S, 169°50' W (Fig. 
2.1). The Tonga islands, Samoa, and the Cook islands are its closest neighbors at distances of 
about 480, 560, and 670, respectively. The island is about 21 km along its N-S axis and 17 km 
along its E-W axis, with a land surface of 259 km2, making it one of the largest carbonate islands in 
the Pacific basin (Fig. 2.2A). Niue stands about 4,000 m above the surrounding ocean floor with 
the highest point on the island standing about 70 m above sea-level. Niue's capital, Alofi, is 
situated on the west coast. In 1986, Niue had a population of 2,532; roughly another 7,500 
Niueans were living in New Zealand (Douglas and Douglas 1989).
Niue's present topography (Fig. 2.2A) has sparked curiousity ever since its European 
discovery in 1774 by Captain James Cook, who asked, "If these coral rocks were first formed in the 
sea by animals, how came they to be thrown up to such a height? Has this island been raised by 
an earthquake? Or has the sea receded from it ?“ (Cook 1777).
Among those who have visited the island, Agassiz (1903) was first to describe and document 
the terraces and fossils. At about the same time, members of the Funafuti expedition stopped at 
Niue to examine the terraces (David 1904). More recently, Niue has been noted for the unusually 
high radioactivity (Marsden et al. 1958) and mercury content (Whitehead et al. 1990) of its soils. 
Niue is perhaps best known in carbonate sedimentology for its massive dolomite, which has been 
attributed to brine reflux (Schlanger 1965; Schofield and Nelson 1978), meteoric-marine mixing 
zone processes (Rodgers et al. 1982), thermal convection of seawater (Aharon et al. 1987), and 
tidally driven seawater beneath the mixing zone (Wheeler and Aharon 1993).
The objective of this study is to review past and ongoing investigations of Niue's geology, 
particularly with respect to its carbonate depositional system, history of sea level fluctuations, 
hydrogeology, and the dolomitization mechanism(s) accounting for its massive dolomite.
1 Reprinted from Wheeler, C. W., and Aharon, P., 1997, Chapter 17. Geology and hydrogeology
of Niue, in Vacher, H. L., and Quinn, T. M., eds., Geology and Hydrogeology of Carbonate
Islands: Elsevier Science, Amsterdam, p. 537-564, with permission from Elsevier Science.
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Samoa Islands




Figure 2.1 Regional bathymetric map of the South Pacific showing Niue, Capricorn 
Seamount, the Tonga Trench, and the Samoan islands.
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Figure 2.2 Surface morphology and geology of Niue. A) Map of Niue showing the 
locations of the Fonuakuia dug well (F), the Alofi coastal well (A), the Tuapa well (T), and 
other water wells, and the stratigraphic cores: 1 =PB1; 2=PB2; 4=DH4; 5=DH5; 6=DH6; 
6a=DH6a; 7=DH7; 7a=DH7a; 8=DH8. The 1992 coring site is south of site 6. The 50 m 
contour encloses the former reef ridge and indicates the former ocean-lagoon channel 
(modified after Jacobson and Hill 1980a). B) Cross-section (X-X') of Niue showing its 
carbonate platform and volcanic pedestal, its meteoric lens and mixing zone, and coring 
sites DH4 and DH7a (modified after Hill 1983).
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2.2 Setting
2.2.1 History
Niue was initially settled by Polynesian people who first arrived more than 1000 years ago, 
probably from Samoa or eastern Polynesia (Loeb 1926). The European discovery of Niue was 
made by Captain James Cook aboard the H.M.S. Resolution on the afternoon of June 20,1774, 
while heading westward from the Society and the (later named) Cook Islands. Capt. Cook and his 
party landed on June 21 at three points on the west coast of the island, which he claimed for King 
George III and initially named Prince Frederic's Island in honor of the Prince of Wales. The hostile 
reception by the native Niueans, however, convinced Capt. Cook that his crew would be unable 
to safely re-provision at Niue and motivated him to re-name it “Savage Island" (Cook 1777). He and 
his party returned to the Resolution and on June 22 resumed course to the W-SW.
The Niueans' reputation deterred any further deliberate European contact until the missionary 
efforts of the mid-19th century (Loeb 1926). Niue was declared a British Protectorate in 1900 and 
was annexed by New Zealand in 1901 as part of the Cook Islands. In 1974, Niue was granted “self- 
government in free association with New Zealand", while New Zealand retained control over 
defense and foreign affairs.
2.2.2 Climate
Niue lies within the southern boundary of the South-East Trade Winds which blow steadily 
most of the year at 5 to 9 knots (Wright and van Westemdorp 1965). Niue is also within the belt of 
typhoons, which periodically visit the island (Douglas and Douglas 1989). The average 
temperatures are 26°C from December through April and 24°C from May through November. The 
relative humidity at 9 am ranges from 73% to 95%, with an annual average of 89% (Wright and van 
Westerndorp 1965).
Niue has two seasons: a wet, monsoonal season and a dry season (Jacobson and Hill 1980b). 
The wet season lasts from December through April with the maximum monthly mean rainfall of 307 
mm occurring in March. The dry season lasts from May through November with the minimum 
monthly mean rainfall of 84 mm occurring in June. The mean annual rainfall during the years 1906- 
1978 was 2041 mm and has ranged from 1065 mm to 3185 mm (Fig 2.3). The worst drought 
during historical times occurred over a two-year period around 1890 (Wright and van Westemdorp
7
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Figure 2.3 Annual rainfall at Niue (data from Jacobson and Hill 1980a and b, and Wright 
and van Westemdorp 1965). The mean annual rainfall, shown by the horizontal line, is 
2041 mm. The heavy bars show the occurrences of Southern Oscillation Index (SOI) 
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Figure 2.4 Cross-section of Niue's west coast showing geomorphologic, hydrologic, 
and lithologic features. A=phreatic cave exposed by wave erosion; B=coastal brackish 
water well near Alofi (A in Fig. 2a); C=chasm with a brackish pool; D=water well at Tuapa (T 
in Fig. 2.2A; drillhole 6 of Schofield and Nelson 1978); E=Fonuakula well; F=flat-roofed 
vadose cave. Modified after Jacobson and Hill (1980a and b). Well lithologies from 
Schofield and Nelson (1978).
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1965). Since records began to be kept in 1906, the worst prolonged drought was during 1940- 
1944, when average annual rainfall was 24% below the mean over a 5-year period and was 37% 
below the mean during the two worst years of the drought (Jacobson and Hill 1980b). In the two 
other principal droughts during 1925-1926 and 1976-1977, average annual rainfall was 32% 
below the mean.
As indicated in Figure 2.3, droughts at Niue generally coincide with prolonged disturbances in 
the Southern Oscillation Index. Departures from "perfect" correspondence may be related to 
Niue's location near the fulcrum of the Darwin-Tahiti barometric pressure end-members.
2.2.3 Tectonics
Niue is situated on the Pacific Plate about 270 km east of the Tonga Trench (Fig. 2.1), into 
which the plate is subducting on a westerly bearing at a rate of about 9 cm/yr (Dubois et al. 1975)1. 
The island is closely clustered with five seamounts, all of which are situated on the Niue Ridge, a 
rise enclosed by the 5000-m isobath and whose crest lies about 120 km east of the trench axis 
(Lonsdale 1986). Nearby are two other seamounts, including Capricorn Seamount, which lies on 
the eastern, subducting flank of the Tonga Trench and rises to a minimum depth of 395 m (Brodie 
1965). Dredge samples from the crest of Capricorn Seamount yielded shallow-water skeletal 
limestones whose fossil constitutents indicate a Miocene or younger age (Brodie 1965). Niue, 
Capricorn, and the other seamounts do not display a clear linearity, but may represent a partially 
subducted Cenozoic hot-spot chain (Lonsdale 1986). Niue's recent emergence in the late Plio- 
Pleistocene (Fieldes et al. 1960; Schofield 1967a; Wheeler and Aharon 1991; Whitehead et al.
1992) has been attributed to plate motion which carried it up onto a lithospheric bulge peripheral 
to the Tonga Trench (Dubois et al. 1975).
Niue's submarine flanks slope at 15° to 20°; the steeper angles occuring on the southern flank 
where Niue's volcanic core is located (Fig. 2.2B). The west coast is marked by a series of 
embayments (Schofield 1959) which continue offshore to a depth of 3000 m; below this, the 
slope is gentler (Summerhayes 1967). The embayments were probably caused by a number of
1 Recent work by Turner and Hawkesworth (1997) has found that the convergence rate between 
the Pacific and Australian plates at the Tonga Trench near Niue was 8cm/yr until 4 Ma, after which 
spreading of the Lau back-arc system caused the rate to increase to between 16 and 24 cm/yr.
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slumps which deposited a debris fan on the lower western flank (Schofield 1959; Summerhayes 
1967; Hill 1983).
2.3 Landscape and Geomorphology
The present topography of Niue, which shows a striking resemblance to a coral atoll (Fig. 
2.2A), is attributable to its relatively recent emergence (Dubois et al. 1975). It is dominated by a 
shallow, centrally located, dry basin which is almost completely enclosed by a peripheral rim. The 
basin, formerly the lagoon and informally called the Mutalau Lagoon by Schofield (1959), is broad 
and flat-bottomed and generally lies at about 35 m above sea level. The rim, formerly the barrier 
reef and informally termed the Mutalau Reef by Schofield (1959), lies at about 60 to 70 m above 
sea level and is generally around 1200 m wide. A passage through the western reef rim south of 
Alofi formerly connected the lagoon to the open ocean. Now dry, the passage's floor lies at about 
42 m above sea level.
Unlike the stereotypical Polynesian island which is girded by sandy beaches, the Niuean 
coastline is marked by sea cliffs. Along the western and southern coasts, the seaward margin of 
the Mutalau Reef slopes steeply down to the narrow, wave-cut Alofi Terrace (Fig. 2.4), situated at 
about 25 m above sea level (Schofield 1959). The Alofi Terrace terminates in steep sea cliffs on 
the west coast; on the south coast, it slopes seaward at 17° to 22°. Less well-developed terraces 
occur at 2 to 4 m above sea level along parts of the south and east coast. A modem coral reef 
about 100 m wide fringes Niue at sea level; an originally natural passage through the reef at Alofi is 
artificially maintained for boat traffic. Off the west coast are two or more submerged terraces at 
around -12 and -35 m, respectively (Schofield 1959).
The surface of Niue shows clear evidence of karstification. The Mutalau Reef is in many places 
a well-developed karrenfeld, with some karst towers over 7 m high (Schofield 1959). The floor of 
the Mutalau Lagoon is flat to gently undulating, with incipient karrenfelds of pinnacles under 2 m in 
relief. Along the coast at or just above sea level are numerous caves which have been exposed by 
wave erosion (Fig. 2.4) (Schofield 1959; Jacobson and Hill 1980b). Their rounded shapes, 
solutional features, and elevation indicate freshwater phreatic formation when the water table was 
higher. Paralleling the coast and at the border between the Alofi Terrace and the Mutalau Reef are 
linear chasms several meters wide which are linked to form systems 500 m long. They typically
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reach to or below sea level, but where unbreached by coastal erosion, are floored by brackish 
water pools. In the Mutalau Lagoon, many small sinkholes lead a few meters below the surface to 
flat-roofed, branching caves which have been interpreted by Jacobson and Hill (1980b) as vadose 
caves.
On average, 84% of the surface on the Alofi Terrace and the seaward slope of the Mutalau 
Reef consists of rock outcrops (Wright and van Westemdorp 1965). On the crest and lagoonward 
slope of the Mutalau Reef and on the Mutalau Lagoon floor, the average soil cover is around 43% 
to 47% and about 36 cm thick (Fieldes et al. 1960). About 21% of the island's surface is presently 
forested. The principal crops grown for export are copra, passionfruit, and limes.
The soils occurring on the Alofi Terrace and the seaward slopes are tropical black earths, or 
rendzinas, which are rich in montmorillonite (Wright and van Westemdorp 1965). Over the 
remainder of the island, the soils are latosols, commonly called tropical terra rosa, which are low in 
silica and montmorillonite and high in iron oxide and alumina. Niue's soils were probably derived by 
weathering of the carbonate platform (Whitehead et ai. 1993).
The soils are notable for their high phosphate (up to 40%, Birrell et al. 1939) and high mercury 
content (exceeding 200 (ig/kg, Whitehead et al. 1990) and for their unusually high radioactivity 
(up to 30 times that of normal soils, Marsden et al. 1958). Since the carbonate rocks are generally 
phosphate-poor, the source of the phosphate has been attributed to sea-bird guano and basaltic 
ash (Wright and van Westemdorp 1965), although recent evidence suggests that it is from 
weathering of the carbonates (Whitehead et al. 1993). Possible origins for the mercury are direct 
absorption from seawater, weathering of guano deposits, or endothermal solutions of seawater 
(Whitehead et al. 1990). The unusually high radioactivity of the Niuean soils is attributed to the 
decay of daughter nuclides of 23SU, whose emplacement has been linked to marine sedimentation 
of the soil precursors (Fieldes et al. 1960), precipitation from volcanic hydrothermal solutions 
(Schofield 1967a), and to absorption of 238U onto soil particles during Pleistocene marine 
transgressions (Whitehead et al. 1992).
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2.4 Geology
2.4.1 Volcanic Pedestal and Overlying Carbonates
Niue's bathymetry clearly indicates that the foundation of the carbonate island is a volcanic 
seamount, although no volcanics are exposed at the surface. An early magnetic survey of Niue's 
surface (Schofield 1967a) and a later, denser set of gravity and magnetic measurements both 
indicate that the crest of a dense, reversely magnetized volcanic core lies beneath the 
southwestern part of the island (Hill 1983) (Fig. 2.2B). These data also suggest that the carbonate 
cover over the crest is about 400 m thick. Cores subsequently drilled to a depth of 700 m north of 
the crest failed to reach the volcanic pedestal because of a probable caldera infill (Barrie, written 
comm. 1992). Hill (1983) hypothesized that the volcanics are basic to uitrabasic intrusives and 
pillow lavas while the remainder of the island is inferred to be underlain by a mixture of pyroclastic 
and/or carbonate deposits. Based on the close alignment of the core's magnetization with the 
modern geomagnetic field, the core's magnetic inclination, an inferred rate of subsidence, and 
biostratigraphy of the carbonates, Hill (1983) estimated that the core formed during the early to 
middle Miocene times.
Schofield (1959) was first to describe the surface exposures of the carbonate reef platform 
which caps the volcano. Subsequently Schofield and Nelson (1978) collected and described 
samples from 7 water wells, the deepest of which (Fonuakula well) reached a subsurface depth of 
56 m, or 0 m above sea level (Fig. 2.2A). More recently, 7 cores drilled by Avian Mining Pty. and 2 
cores drilled by the Australian Geological Survey Organization have tested the carbonate platform 
to a maximum depth of about 700 m (Fig. 2.2A). We have not yet examined the two deepest cores 
(DH6a and DH7a), which are reported to have remained in sedimentary carbonates throughout 
(Barrie, written comm. 1992). Coring in wells DH6 and DH8 was limited to a 52 m interval and a 100 
m interval, respectively. Because core recovery was generally less than 20% (Barrie, written 
comm. 1992), we did not examine these cores. Our documentation of the carbonate cap, 
therefore, is derived from outcrops, the Fonuakula well, three stratigraphic cores (DH4, DH5, and 
DH7), and two shallow water well cores (PB1 and PB2). The deepest core, DH4, reached a 
subsurface depth of 303 m, or 269 m below sea level (Fig. 2.5).
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Niue's carbonate platform consists of limestone and of dolomite which has partially to 
completely replaced the limestone precursor (Figs. 2.5 and 2.6). In the upper 300 m, we 
distinguish 4 informal units on the basis of their mineralogical composition as follows (Fig. 2.6): (1) 
upper limestone, (2) upper dolomite, (3) middle limestone, and (4) lower dolomite. The upper 
limestone consists of aragonitic and calcitic limestone with little or no evidence of dolomitization. 
The thickness of this unit appears to be highly irregular; the maximum known thickness of about 
20 m is within the Mutalau Reef at Fonuakula, but the unit is thinner elsewhere on the Reef and 
apparently thins or disappears in the Mutalau Lagoon (Schofield and Nelson 1978). This variation 
in thickness may be due to differential erosion and/or dolomitization, or to deposition after 
dolomitization of the underlying section.
The upper dolomite unit is about 55 m thick and generally has been completely dolomitized. It 
is present in all cores and water wells within the Mutalau Lagoon and in the Reef, except at Alofi, 
where a 24.4 m deep well located about 1 km from the coastline encountered only undolomitized 
limestone (Schofield and Nelson 1978). Outcrop samples collected on the west coast from the 
shoreline to the crest of the Reef are also undolomitized limestones (Schofield and Nelson 1978). 
These data suggest that the upper dolomite grades laterally into undolomitized limestone within 1 
km of the modem coastline. In the top of the upper dolomite unit, a roughly 10 m thick bed of 
aragonitic and calcitic limestone occurs in the west (Fonuakula well) (Fig. 2.4), northeast, north 
(PB2), and southeast (DH4 and PB1), indicating that this limestone bed probably extends over 
most of the island (Fig. 2.5).
The middle limestone unit is roughly 100 to 130 m thick and consists almost entirely of low-Mg 
calcite. In this unit, dolomite occurs only in two 5 m-thick intervals in core DH5, where it constitutes 
no more than 7% of the rock. The lower dolomite unit is characterized by incomplete 
dolomitization of low-Mg calcite limestone. Dolomite constitutes on average 30%, and ranges from 
0 to 100%. The unit is at least 105 m thick in core DH4, which ended in the lower dolomite.
2.4.2 Age of the Carbonate Platform
On the basis of magnetic and biostratigraphic data and rate of subsidence, Hill (1983) 
suggested that Niue's volcanic basement formed during the early to middle Miocene. No samples 
are presently available to permit dating of the lower portion of the carbonate platform, but the
13
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Figure 2.5 Stratigraphic cross-section based on core studies; the datum is modern sea level. 
The section is differentiated into an upper undolomitized limestone interval (upper limestone), 
an extensively dolomitized interval (upper dolomite), a limestone interval which is virtually free of 
dolomite (middle limestone), and a lower, partially dolomitized interval (lower dolomite).
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Figure 2.6 Composite section showing unconformities and zones of meteoric 
diagenesis at Niue. Zones 3 through 11 correspond to zones 1 through 8 in Aharon et al. 
(1993).
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
uppermost 300 m have been dated using biostratigraphy and strontium isotopes. Mollusks 
collected from outcrops in the Mutalau Lagoon (upper limestone or upper dolomite) are Plio- 
Pleistocene in age (C. A. Fleming, reported in Schofield 1959). Larger benthic foraminifera from 
cores DH4, PB1, and PB2 between 34 m above sea level and 186 m below sea level (upper 
dolomite into the upper part of the lower dolomite) are middle to late Miocene in age (G. C. H. 
Chaproniere, reported in Jacobson and Hill 1980a). Poor preservation of the foraminifera 
(Chaproniere, written comm. 1992) and the limited resolution (> 2-3 Ma) of the Letter Stage 
Classification dating method (Adams 1984) have prevented a more discriminating biostratigraphic 
dating of the carbonates.
87Sr/“ Sr ratios in the limestone bed of the upper dolomite (range 0.709024-0.709056, 
relative to the NBS-987 value of 0.710230; n = 3) yield an apparent age of 2.3 Ma. Sr isotope 
ratios in the middle limestone, measured primarily in DH4 samples (range 0.708936-0.709029; 
n = 13), yield apparent ages from 4.8 Ma at around 23 m below sea level, to 6.2 Ma at around 148 
m below sea level (Aharon et al. 1993). In both intervals, Sr isotope measurements were made on 
whole rock samples which were devoid of meteoric cements. These ages are derived from the 
seawater strontium isotope curve of Hodell et al. (1991), with a time scale based on the 
astrochronology of Hilgen (1991). In this time scale, the apparent ages correspond to the Late 
Miocene (Tortonian) to Late Pliocene (Piazencian) (Fig. 2.6). The strontium isotope data thus 
concur with the paleontologic data of Fleming and Chaproniere and provide a finer time 
resolution.
2.4.3 Carbonate Facies
Our facies analysis of core material from DH4, DH5, DH7, PB1, and PB2 (Fig. 2.2A) and 
previous descriptions of carbonates from the Fonuakula well (Schofield and Nelson 1978) and 
outcrops (Skeats 1903; Schofield 1959) form the basis for the reconstructed depositional history 
at Niue summarized below.
The facies data indicate that during the Tortonian-Piacenzian, Niue was a shallow-water 
carbonate platform which became progressively enclosed by a barrier reef. During the Tortonian, 
the platform-edge reef was sufficiently discontinuous to permit patch reef growth in the lagoon, as 
evidenced in core DH4 by coral floatstones interbedded with fine to medium-grained skeletal
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packstones consisting of benthic foraminifera, echinoids, and mollusks. Throughout the 
Messinian and Zanclean, the platform was probably rimmed by a barrier reef along its southern 
margin while remaining open to the sea along its northwestern margin. In the south, the Messinian 
and Zanclean sections of cores DH4 and DH5 consist of fine to medium-grained skeletal 
packstones and grainstones with little coral debris, suggesting a scarcity of lagoonal patch reefs 
and therefore a local barrier to ocean-platform water circulation. In the northwest, however, coral 
debris is abundant in the Messinian interval of core DH7. No information is presently available on 
the Zanclean section in this area.
By the Piacenzian, Niue was a fully-fledged atoll. The massive and coral-rich core of the barrier 
reef is exposed in the seaward bluffs of the Mutalau Reef (Skeats 1903; Schofield 1959). In the 
Alofi Terrace, fore-reef talus deposits are preserved as seaward-dipping (20° to 30°) beds of 
limestone conglomerate (Schofield 1959) whereas in the Fonuakula well, coralgal boundstones 
are interbedded with coralgal-foraminiferal grainstones and packstones, representing reef core 
and reef detritus, respectively (Schofield and Nelson 1978). In cores DH4, PB1, and PB2, skeletal 
packstones are interbedded with skeletal grainstones. The dominant grains are benthic 
foraminifera, mollusks, and echinoids, while coral debris is scarce, suggesting that patch reef 
development was suppressed everywhere in the lagoon by a near-continuous barrier reef.
Niue began its rising above sea-level during the early Pleistocene (Dubois et al. 1975). Since 
then, erosion of the carbonate platform exceeded by far the deposition. Surficial gravels of Plio- 
Pleistocene lagoonal fossils in the Mutulau Lagoon (C. A. Fleming, reported in Schofield 1959) 
and the marine source of radionuclides in the lagoon soils (Whitehead et al. 1992) suggest 
intermittent marine flooding of the Niue's interior.
2.4.4 Carbonate Diagenesis
Based on petrographic examination of 88 thin-sections from cores DH4, DH7, and PB1, the 
types and paragenetic sequence of carbonate diagenesis in the upper 300 m of Niue's carbonate 
platform are as follows: (1) cementation by high-Mg calcite or aragonite circumgranular crusts; (2) 
conversion of high-Mg calcite constituents to low-Mg calcite and dissolution of aragonitic 
components; (3) dolomitization; (4) leaching and precipitation of low-Mg calcite cements in 
meteoric vadose and phreatic zones, and (5) dedolomitization. Schofield and Nelson (1978)
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described similar diagenetic features in thin-sections from the Fonuakula well. The various kinds 
of carbonate diagenesis observed and the evidence for this paragenetic sequence are discussed 
below.
In the lagoonal facies, some interparticle and intraparticle pores in foraminifera and other 
bioclasts are lined with bladed cements whose morphologies indicate that they were formerly 
either high-Mg calcite or aragonite. These morphologies and distributions are indicative of syn- 
sedimentary marine cementation in sediment bodies subject to low fluid flow rates, such as in 
lagoons (Longman 1980). In the reef-core and fore-reef facies, fibrous aragonite cement encrusts 
coral skeletons (Skeats 1903). Thick high-Mg calcite cements such as observed in the reef core 
and fore-reef beds of Mururoa Atoll (ATssaoui 1988) have not been reported at Niue, probably 
because Niue's platform margin facies have not been studied in detail.
Aragonite is present in some beds of all cores within 20 m of the surface. Beneath this depth, 
however, aragonite allochems almost always occur as molds, and high-Mg calcite constituents 
have been converted to low-Mg calcite. The sole exception is at -185 m in DH7, where some 
aragonite allochems (6% of the total rock) remain. Most of the dissolution and re-precip-itation was 
probably mediated by seawater, as the 5,80  and 513C values of whole rock samples (-1,95± 0.95%»; 
-0.41 ± 0.88%o PDB, n = 149) show no meteoric water or soil gas C02 input, respectively. 
Mineralogic stabilization preceded dolomitization, as dolomite cements encrust moldic pores in 
the upper dolomite and dolomite fills moldic pores in the lower dolomite.
Schofield (1959) presented the first chemical analyses indicating the presence of dolomite on 
Niue (upper dolomite in Fig. 2.6), but Schlanger (1965) was the first to recognize it as Ca-rich 
dolomite. A new study of the dolomites in core material by Wheeler and Aharon (1993) indicates 
that the upper dolomite and the lower dolomite are petrographically and chemically distinct. The 
upper dolomite is characterized by near-total dolomitization via mimetic replacement of the 
limestone precursor and by dolomite cementation (Fig. 2.7A and B). This dolomite consists of 
two, chemically distinct groups: (1) disordered, calcian (57 to 62 Ca mole%) dolomite, and (2) 
ordered, relatively stoichiometric (52 to 55 Ca mole%) dolomite. In contrast, the lower dolomite is 
variably dolomitized by non-fabric selective replacement (Fig. 2.7D) and consists entirely of 
disordered, calcian (57 to 60 Ca mole%) dolomite.
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Figure 2.7 Thin-section photomicrographs of diagenetic features. Scale bar in each 
photomicrograph is 0.5 mm long. (A) Red algal grain mimetically replaced by dolomite (r) and 
limpid dolomite cement (d) lining the interior and extehor of a micrite envelope. Core DH4 at 22 
m. X-nicols. (B) Limpid dolomite cement (d) encrusting a micrite envelope and in turn being 
engulfed by calcite meniscus cement (c). Core PB1 at 8 m. Plane light. (C) Non-mimetic 
replacement in the lower dolomite. Core DH4 at 219 m. Plane light. (D) Calcite cement (c) patch 
in the end Messinian zone of meteoric diagenesis. Core DH4 at 97 m. Plane light.
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Scattered through the section are 17 discrete zones characterized by intense leaching and/or 
low-Mg calcite cementation (Fig. 2.6). In the lower dolomite, the only such zone is located near the 
top of the section. In the upper dolomite and upper limestone units, the zones are marked by 
yellow, coarse, blocky and dog-tooth, low-Mg calcite cements which partially to completely fill 
voids. Meniscus low-Mg calcite cements are also present, but are less common. Whole rock 8'80  
and 813C values (-5.41± 2.29%0; -5.70± 2.48%o, n = 35; Fonuakula values from Aharon et al. 1987) 
of calcites from these zones are indicative of meteoric water and soil gas input. The cements and 
the depleted stable isotope values indicate that these zones developed through meteoric 
diagenesis, in the upper dolomite, dolomite cementation alternated with meteoric diagenesis, for 
the dolomite crystals encrust molds, have been rounded or embayed by dissolution, and are 
engulfed by meteoric cements (Fig. 2.7B).
In the middle limestone, each zone of meteoric diagenesis is characterized by moderate to 
intense leaching of matrix and grains and by the presence of scattered, <1 cm diameter patches of 
finely crystalline, low-Mg calcite cement (Fig. 2.7D). Some patches are syntaxial on echinoid 
grains, but most are not. Similar cements have been described at Enewetak, where they occur 
beneath subaerial exposure surfaces (Sailer and Moore 1989; Quinn 1991). In two zones, the 
patchy cement interval is overlain by a similarly leached interval which lacks the cements. Whole 
rock 81sO and 8,3C compositions (-2.47± 0.77%o; -0.97± 0.77%o, n = 55) of the patchy intervals are 
similar to those of limestones which have not undergone meteoric diagenesis (see above). 
However, the whole rock 510O and 8’3C compositions (-3.55± 0.53%o; -4.33± 1.16%o, n = 9) of the 
leached, patchy cement-free intervals show the influence of meteoric water and soil gas C02. 
Drilled-out samples of the cement patches, which included grain substrate as well as cement, give 
similar 5'80  and 5,3C values (-3.67± 1.18%a; -2.42± 1.51%o, n = 9) and indicate the meteoric origin 
of these cements. Each zone of meteoric diagenesis is likely to represent a period of low sea level 
and subaerial exposure which led to the development of a freshwater lens (Quinn 1991; Wheeler 
and Aharon 1991). The cement-free leached intervals are interpreted to represent the vadose 
zone, which is characterized by dissolution and minimal calcite precipitation (Longman 1980). The 
patchy cement intervals probably record the active phreatic zone, which is characterized by calcite
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cementation as well as by dissolution (Longman 1980). The contact between these intervals is at 
or near the paleo-water table (Wheeler and Aharon 1991).
Dedolomite is rare in Niuean carbonates; it has been observed only in the upper dolomite unit 
in the Fonuakula well (23 to 29 m; Schofield and Nelson 1978) and in cores PB1 (8.5 m), PB2 
(36.5 to 38.5 m), and DH4 (32 to 33 m). In PB2 and DH4, dedolomite occurs mainly as white 
micritic calcite halos surrounding blocky calcite cement-filled solution vugs and mollusk molds in 
rocks otherwise composed entirely of brown dolomite. The calcite cements encrust dolomite 
cements which line the molds, indicating precipitation after dolomitization. 5180  and 513C 
compositions (-3.93 ± 0.01%<>; -5.85 ± 0.75%o PDB, n = 2) of the calcites in PB2 confirm that they 
are meteoric in origin. In these cores, the dedolomite is limited to a zone of meteoric calcite 
cementation which coincides with the present water table and is likely to represent a modem, 
ongoing development.
2.4.5 Sea-level History
The eustatic record at Niue is the subject of ongoing study. Presently, the best documented 
period is the Messinian-early Zanclean interval (Aharon et al. 1993). Because the discontinuous 
core material available to Aharon et al. (1993) contained no unconformity contacts, their position in 
the cores was inferred from petrographic, strontium, and stable carbon and oxygen isotope 
evidence of meteoric diagenesis associated with subaerial exposure. The portion of the middle 
limestone unit which was deposited during the Messinian-early Zanclean time contains eight 
discrete meteoric zones (Fig. 2.6, zones 3 through 11). If the zones developed later than the host 
section, such as during the Pleistocene glaciations, the entire section down to the level of the 
lowest sea stand would have been intensely leached. Instead, the intervals between the zones 
are at most only mildly leached. These zones therefore represent ten Messinian-early Zanclean 
eustatic falls, since Niue was at that time in a subsidence mode typical of a young, extinct 
seamount (Aharon et al. 1993).
The magnitudes of the eustatic falls shown in Figure 2.8 were estimated using the method of 
Lincoln and Schlanger (1987,1991) and the apparent ages derived by Aharon et al. (1993) from 
^Sr/^Sr determinations of meteoric cement-free whole rock samples. Apparent ages and the 
section thickness indicate a sedimentation rate of about 0.093 m/Ka during the Messinian-early
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Figure 2.8 Estimated magnitudes of Messinian and early Zanclean sea-level falls at 
Niue. Each magnitude was calculated from the estimated duration of the fall, a 
sedimentation rate of 0.093 m/ka, the remnant vadose section (if any), and a paleodepth 
of 28 m at the back-reef core site. Datum is sea-level at the onset of each fall. Ages of the 
low-stands from Aharon et al. (1993).
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Zanclean intervals. The time spanned by the end-Messinian unconformity at Niue was about 178 
Ka (revised from Aharon et al. 1993). Beneath this unconformity in core DH4, the erosional 
remnant of the meteoric vadose zone is about 4 m thick (Fig. 2.6, zone 9); another 10 m were 
probably eroded, assuming a maximum carbonate weathering rate of 0.38 m/Ka (Lincoln and 
Schlanger 1987) and compensating for an estimated 152 Ka spent depositing this missing 
section. Since the Messinian-age facies at DH4 are all subtidal, the depositional water depth is 
estimated to have been about 28 m, derived from the difference between the elevations of the 
present crest of the Mutalau Reef (70 m) and the present floor (42 m) of the paleochannel at Alofi 
(Fig. 2.2A). This computation gives a total magnitude of -42 m for the end-Messinian eustatic fall 
(Fig. 2.8). If Lincoln and Schlanger's (1987) average carbonate weathering rate of 0.035 m/Ka is 
used instead, the magnitude of the fall is estimated at -35 m.
The time spans of the six other Messinian unconformities (3 to 8 in Fig. 2.6) and the early 
Zanclean unconformity (10 in Fig. 2.6) are estimated to have been 15 Ka, based on the duration 
of correlative 8’80  positive excursions in DSDP core 552 (Keigwin 1987). With the estimated 
depositional water depth of 28 m, this yields an approximate magnitude of -34 m for these eustatic 
falls.
Petrography and stable carbon and oxygen isotopes indicate the presence of two additional 
zones of meteoric diagenesis in the basal middle limestone and uppermost lower dolomite (Fig. 
2.6, zones 1 and 2). Their age determinations are the subject of ongoing studies.
The Quaternary sea level record at Niue has not yet been fully unraveled. Schofield (1959, 
1967b) recognized six subaerially exposed terraces at around 70 m (the crest of the Mutalau 
Reef) (Fig. 2.4), 55 m, 36 m, 23 m (the Alofi Terrace), 13 m, and 6 m above sea level. Some of 
these terraces were earlier reported by Agassiz (1903). On the southwestern slope of the Mutalau 
Lagoon are concentric lineaments which probably represent former coastlines (Jacobson and Hill 
1980a), but neither their elevations nor their ages have been determined. Whether there are 
submerged terraces is uncertain. Schofield (1959) described two submerged terraces at around 
-13 m and -35 m below sea level, whereas Schofield (1967b) reported only one at -6 m. 
Petrography and stable carbon and oxygen isotopes of core samples indicate the presence of
25
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
five zones of leaching and meteoric cementation between -10 m and 50 m above sea level (Fig. 
2.6) but the age and correspondence of the zones to the terraces are not yet known.
The Mutalau Reef terrace may represent the barrier reef development during an interglacial 
high sea-level stand around 500 to 900 Ka (Schofield 1959). The presence of U-series 
radionuclides in Mutalau Lagoon soils suggests that the Lagoon might have been completely 
submerged at this time (900 Ka, Schofield 1967a; 400 to 750 Ka, Whitehead et al. 1992). 
Subsequent uplift of Niue on the Pacific Plate peripheral to the Tonga Trench (Dubois et al. 1975) 
permitted only partial submersion during later high sea-level stands (Whitehead et al. 1992). The 
other raised terraces are primarily wave-cut features which probably developed during two later 
interglacials and the last glaciation (Schofield 1959). The last episode of partial flooding of the 
Lagoon may have occurred between 100 and 200 Ka (Whitehead et al. 1992).
2.5 Hydrogeology
2.5.1 Geometry and Physical Characteristics of the Freshwater Lens
Niue has no surface streams because of the porous and fissured nature of its limestone 
surface. Even after prolonged heavy rainfall, the ground is dry within a few minutes (Jacobson and 
Hill 1980b). Consequently a number of water wells have been drilled since 1964 in order to 
provide a reliable source of potable water (Schofield 1969).
Niue's mean annual rainfall during the years 1906-1978 was 2041 mm and ranged from 1065 
mm to 3185 mm (Fig. 2.3). Jacobson and Hill (1980b) estimated that the annual potential 
evapotranspiration (PET) is 1417 mm, with a maximum PET of 153 mm in January and a minimum 
PET of 83 mm in July. Water-balance calculations (the monthly mean rainfall minus the monthly 
PET) suggest that there is a net average surplus of 57 mm each month except during June, when 
there is a net deficit of 9 mm. The surplus available for groundwater recharge has an annual mean 
of 624 mm, of which 85% occurs during the December-April monsoon season. Meteoric recharge 
occurs mainly via vertical fissures and solution channels through the limestone and dolomite (Fig. 
2.4).
Jacobson and Hill (1980a and b) mapped the thickness of the freshwater lens with resistivity 
soundings at 25 sites, utilizing the differences in electrical resistivity of saltwater-saturated
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carbonates and freshwater-saturated carbonates. Their observations led to the following 
interpretations concerning the geometry of the freshwater lens.
(1) Niue has a single, unconfined freshwater lens which floats on the underlying seawater- 
sourced groundwater and which extends across the platform to within about 500 m of the coast 
(Fig. 2.4).
(2) The water table lies at a maximum elevation of 1.83 m above sea-level in the interior, sloping 
downward to sea-level at the margins. The vadose zone is 30 to 70 m thick.
(3) The Ghyben-Herzberg equation predicts a 1:40 relationship between the freshwater head 
above sea-level and the thickness of the freshwater below sea-level. If the freshwater lens at Niue 
follows this generalization, the lens would be about 70 m thick beneath the Mutalau Lagoon and 
would taper laterally to 0 m near the coast. In fact, it is as thin as 40 m beneath the Lagoon, swells 
to as much as 150 m thick beneath the Mutalau Reef, then tapers out near the coast (Fig. 2.9).
The meteoric-marine mixing zone is 40 m thick in well DH4. Jacobson and Hill (1980a and b) 
speculated that the lens thickness variations may be due to lower permeabilities in the reef facies 
and to higher permeabilities in the lagoonal facies. However, porosities and permeabilities have so 
far been determined only in the lagoonal facies (Table 2.1).
Due to the porous and permeable nature of Niue's carbonate platform, delayed, dampened 
tidal fluctuations are transmitted from the ocean to the water table in the interior. Three wells 
situated near Alofi at 0.1,1.6, and 2.3 km from the coast and drilled only a few meters below the 
water table showed tidal amplitudes of 0.5, 0.3, and 0.1 m, respectively, compared to 0.7 m at the 
Alofi wharf (Jacobson and Hill 1980a and b). The apparent velocity of the wave is about 900 m/hr. 
In the PB1 and DH4 wells, which are about 3.9 km from the coast and which lie about 8 m apart 
(Fig. 2.2A), the amplitudes are 0.03 and 0.05 m, respectively, and the time lag is about 10 minutes 
shorter in DH4 than in PB1. Since core PB1 extends only into the upper dolomite unit, whereas 
DH4 extends into the middle limestone and lower dolomite units, the tidal leads and lags indicate 
that the deeper units are the more permeable.
Resistivity and core porosity measurements indicate that the greatest aquifer porosities 
(>25%) lie in the lagoonal to back-reef facies beneath the central and southeastern parts of the 
island (Jacobson and Hill 1980b). The mean freshwater storage, in terms of effective water
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Figure 2.9 Hydrogeologic aspects at Niue. A) Thickness of the freshwater lens.
B) Cross-section of the freshwater lens. Modified from Jacobson and Hill (1980a and
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Table 2.1 Porosity and permeability variations related to mineralogy and to location in the hydrologic system at Niue. 















vadose u. dolomite dolomite 22.2 207 967 6
limestone 19.2 646 1080 3
phreatic u. dolomite dolomite 20.4 7 169 6
m. limestone limestone 42.0 502 1617 1
thickness, is 17.6 m and reaches a maximum of 25 m in the reef facies beneath the southeastern 
and southern parts of the Mutalau Reef. Given the surface area of 259 km2, Niue's freshwater lens 
contains about 4.6 km3 of water.
The small volume of Niue’s freshwater lens and the periodic droughts dictate limited 
groundwater withdrawal in order to maintain the aquifer. Jacobson and Hill (1980a and b) 
calculated a safe yield of about 4000 m3 groundwater/year/hectare, based on the method of 
Mather (1975), which would maintain the lens at 25 m thick during a drought as severe as the 
worst on historic record (1940-1944; Fig. 2.3).
It must be stressed, however, that three independent factors weaken the confidence placed 
on the reconstructed anomalous shape of the fresh water lens at Niue and its apparent 
dissimilarity with a typical Ghyben-Herzberg lens. First, the resistivity soundings technique used 
by Jacobson and Hill (1980a and b) to map the freshwater lens was in its infancy at that time 
(Jacobson, written comm. 1994). Second, the considerable depth to the water table may have 
affected the accuracy of the resistivity readings. At Nauru island, application of improved resistivity 
interpretation techniques and direct resistivity calibration against conductivity of borehole water 
samples (Jacobson and Hill 1988) failed to reproduce the anomalous lens geometry previously 
reported from Niue. Third, few permeability measurements have been made of the Niuean 
carbonates. Under these circumstances, it is desirable to collect new and improved resistivity data 
at Niue, calibrated against conductivity of borehole water samples, in order to place the freshwater 
lens geometry on firm grounds.
2.5.2 Groundwater Chemistry
Within one kilometer of the coast, groundwaters show mixing of freshwater with seawater. In a 
well about 200 m inland from the coast, the water conductivity is 500 pS/cm and the total 
dissolved solids is 500 mg/l, compared to 321 pS/cm and 179 mg/l in the Fonuakula well about 
2200 m from the coast (Jacobson and Hill 1980a and b). The ionic composition of this water is 
chloride-bicarbonate, with sodium and calcium as the dominant cations. Water samples from 14 
inland wells and one cave (Jacobson and Hill 1980a and b; Rodgers et al. 1982) indicate that, over 
most of the island, the groundwaters are dominated by calcium, magnesium, and bicarbonate. 
TDS was measured in water samples from 11 of these wells and ranged from 136 to 251 mg/l, well
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within the World Health Organization's (1963) maximum acceptable limit for drinking water 
(Jacobson and Hill 1980b). Carbonate hardness ranges from 121 to 244 mg/l and pH is between
7.5 to 8.0.
Not unexpectedly, the distribution of calcium and magnesium within the freshwater lens 
reflects the mineralogy of the host rock. Between 0.5 and 1.5 km of the coast, where limited 
outcrop and well data suggest that the section is limestone, the Mg/Ca molar ratios are 0.1 or less. 
Further inland, where well and core samples show that dolomite dominates, the Mg/Ca molar ratios 
increase rapidly to over 0.25 (Fig. 2.10). Table 2.2 compares the dolomite/limestone ratios in the 
vadose and phreatic zones of four wells with the Mg/Ca molar ratios in their waters. The Mg/Ca 
molar ratios vary proportionally with the dolomite/limestone ratios in the phreatic zone, which is 
consistent with the observation elsewhere that dissolution and diagenesis is typically more rapid 
in the phreatic zone than in the vadose zone (Vacheret al. 1990). On the basis of the Mg/Ca 
ratios, we conclude that within 1.5 km of Niue's coast, dolomite is scarce to absent from the 
section which presently lies in the phreatic zone.
2.6 Case Study: Dolomitization at Niue
The Niuean dolomites have served as a "guinea-pig" for testing dolomitization models since 
the mid-1960's. The first proposed model was dolomitization by seepage reflux of brines 
(Schlanger 1965) (Fig. 2.11 A). Schofield (1959) collected Mg-rich carbonates from the Mutalau 
Lagoon, where he reported that the greatest enrichment of Mg occurs. Schlanger (1965) 
recognized that (1) the samples were Ca-rich dolomites, (2) the dolomites were limited to the 
Lagoon, and (3) the lagoon's near-complete enclosure would restrict circulation whenever the 
reef was not awash. On the basis of these observations, Schlanger (1965) proposed that 
following deposition of the reef, a sea-level fall isolated the lagoon from the ocean, allowing partial 
evaporation and concentration of the lagoon waters to the point of gypsum precipitation. The 
hypersaline waters dolomitized as they flowed downward and laterally to the ocean through the 
underlying lagoonal and back-reef sediments. Schofield and Nelson (1978) reached the same 
conclusion after a petrographic and elemental chemistry (i.e., Ca and Mg) study of samples from 
water wells, of which the Fonuakula well was the deepest (56 m).
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Figure 2.10 Distribution of Mg and Ca concentrations, expressed as Mg/Ca molar ratio, 
in well and cave waters in the freshwater lens at Niue as a function of distance from the 
coast. Within 0.5 km of the coast, seawater (Mg/Ca molar ratio of 5) mixes with freshwater. 
Increasing Mg/Ca molar ratios from 0.05 to 0.27 within 2 km of the coastline can be 
attributed to increasing proportions of dolomite in the meteoric phreatic zone (Table 2.2). 
Further inland, dolomite/limestone proportions are relatively constant. Hydrochemical 
data from Jacobson and Hill (1980a) and Rodgers et al. (1982).
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Table 2.2 Mg/Ca moiar ratios in well waters and dolomite/limestone thickness ratios in the 
vadose and meteoric phreatic zones of the same wells. The stronger correspondence is 
between the Mg/Ca ratios and the lithologic ratios in the phreatic zone.
Well Amanau’ Fonuakula1 DH4 and PB1 PB2
Distance from coast (km) 0.2 1.7 3.9 4.2
Mg/Ca molar ratio2 0.1 0.6 1.8 0.7
Vadose zone
dolomite (m) 0 35 24 29
limestone (m) 27 20 9 7
dolomite/limestone 0 1.8 2.7 4.1
Phreatic zone
thickness (m)2 0 160 55 120
dolomite (m)3 0 20 20 20
limestone (m)4 0 140 35 100
dolomite/limestone 0.1 0.6 0.2
' Lithologic data from Schofield and Nelson (1978)
2 Mg and Ca concentrations from Jacobson and Hill (1980a)
3 FromDH4
4 Calculated by subtracting the dolomite thickness from the phreatic zone thickness. Most of
the section is assumed to be limestone, based on OH4.
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Figure 2.11 Fluid flow models of dolomitization at Niue. A) Seepage reflux of brines. B) Meteoric-marine mixing and marine 
phreatic below the mixing zone. C) Thermal convection of seawater. D) Seawater flow deep within the platform. Modified from 
Aharon et al. (1987).
Rodgers et al. (1982) rejected the brine reflux model on the basis of elemental chemical 
analyses of the Fonuakula well dolomites and proposed that dolomitization occurred in the 
meteoric-marine mixing zone (Fig. 2.11B). The reasoning used by these authors to reject the 
brine reflux model includes the following arguments: (1) a single filling of the lagoon would 
provide insufficient Mg to dolomitize the section observed at Niue (50 m thick and 14 km in 
diameter) but a volume of seawater equal to the area of the lagoon and 7 km thick would be 
required; (2) given the porous and permeable nature of Niue's carbonates, holding lagoonal water 
long enough for evaporation to hypersalinity would be unlikely; (3) gypsum deposits or molds 
have not been found in Niuean carbonates; and (4) Na concentrations of the dolomites are less 
than 1000 ppm, indicating precipitation from brackish rather than hypersaline waters. According to 
the model defended by Rodgers et al. (1982), dolomitization would occur in the meteoric-marine 
mixing zone beneath the freshwater lens whenever Niue was subaerially exposed during a sea- 
level fall. These authors used thermodynamic calculations to show that meteoric-marine solutions 
with 3 to 37% seawater and a Pcoa of 2 to 3 atm. would dissolve calcite and precipitate dolomite. In 
defence of the brine reflux model, however, it must be said that brine reflux could operate at 
seawater concentrations only slightly above normal salinity (37 to 42%o) (Simms 1984) and 
therefore the absence of evaporite minerals in the dolomite section is at best inconclusive.
The stable carbon and oxygen isotope composition of the Fonuakula dolomites led Aharon et 
al. (1987) to conclude that the dolomites had formed from seawater solutions with little or no input 
from freshwater. Given endpoints of seawater (8180  = +0.2 to +0.6%o SMOW) and Fijian rainwater 
(8180  = -4 to -7%o SMOW), the predicted 8180  values of mixing-zone dolomites would be -2 to -6%o 
PDB. The 8,3C values of the dolomites precipitated in a mixing-zone environment should also be 
negative because of the incorporation of soil gas C02. Instead, the measured 8180  and 5,3C values 
of the dolomites are +1.9 to +3.6%o and +1.1 to +2.6%o PDB, respectively. The measured 8180  
values coupled with the Sr concentrations of the dolomites (213 to 231 ppm) are consistent with 
precipitation from normal seawater at temperatures between 20° and 25°C, using the calcian 
dolomite 8180  thermometer equation of Fritz and Smith (1970). Aharon et al. (1987) proposed that 
the seawater flowed upward through the platform in a thermal convection cell driven by residual 
heat from the extinct volcano (Fig. 2.11C). Supporting this hypothesis was the upward-
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decreasing gradient in Fe, Mn, Cu, and Zn concentrations, the high U content, and the elevated 
radioactivity reported by Rodgers et al. (1982) in the Fonuakula dolomites. The limestones have 
lower Fe and Mn concentrations and the cave flowstone deposits are poor in all four trace metals, 
suggesting that neither the limestone precursors nor the volcanic ash-derived soils are the source 
of the trace metals in the dolomites. The high trace-metal concentrations imply their extraction 
from Niue’s underlying basaltic volcano by seawater-volcanic rock reaction and some hydrothermal 
input. ^Sr/^Sr ratios suggested that dolomitization occurred during the Plio-Pleistocene (Aharon 
et al. 1987).
With the availability of cores deeper than the dug well at Fonuakula (Fig. 2.5), it is clear that the 
carbonate platform at Niue has not been dolomitized throughout (Wheeler and Aharon 1993), as 
previous workers have inferred. The existence of the 100 m-thick, undolomitized middle 
limestone sandwiched between the upper and lower dolomite (Fig. 2.6) eliminates thermal 
convection as the flow mechanism during dolomitization of the upper unit. In the upper dolomite 
unit, the dolomite 5,80  and 8'3C values (+3.3 ± 0.4%o and +2.6 ± 0.5%o PDB, respectively; n = 37) 
and Sr concentrations (167 ± 34 ppm, n = 9) in these cores are similar to those in the Fonuakula 
dolomites. Under these circumstances, the dolomites seem to be consistent with precipitation 
from seawater (Wheeler and Aharon 1993), using a dolomite-calcite S180  fractionation factor of 
+3.8%0 (Land 1991) and a variable distribution factor for Sr in dolomite (Vahrenkamp and Swart 
1990). The variable Ca content (52 to 62 mole%), association with meteoric diagenesis, and 
shallow burial imply that dolomitization in the upper dolomite occurred within tens of meters of the 
surface. The abrupt vertical transitions from totally dolomitized to totally undolomitized rocks 
suggest that the zone of active dolomitization at any one time was thin.
Two seawater flow mechanisms could accomodate the constraints imposed by the new data 
(1) entrainment by an overlying meteoric-mixing zone (Fig. 2.11B), and (2) tidal pumping (Fig.
2.11D). Vahrenkamp et al. (1991) noted that seaward flow in the meteoric-mixing zone of a 
freshwater lens entrains an opposite flow in the underlying marine-sourced groundwaters and 
proposed that this flow mechanism explains the tabular distribution of dolomite in Little Bahama 
Bank (Fig. 2.11B). Even at the center of a 60 km-wide carbonate platform, mixing-zone-driven 
seawater exchange could be near-total in 1000 years (Stewart and Fuller 1993).
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Herman et al. (1986) proposed on the basis of hydrologic modeling that tidally-induced 
variations in hydraulic head may drive seawater into and out of the Enewetak Atoll carbonate 
platform via intervals leached by meteoric diagenesis (Fig. 2.11D). Seawater then migrates 
vertically into adjacent less permeable layers. Initially, dolomitization would be favored in the more 
permeable layers, leading to tabular bodies of dolomite. Tidal amplitudes and lags observed in 
water wells at Niue (see Hydrogeology section) indicate that a similar flow pattern is ongoing at 
Niue and support this flow mechanism as the one most likely to be responsible for the observed 
dolomitization of the upper dolomite unit.
The dolomitization in the lower dolomite unit was also likely to have proceeded from a 
seawater fluid, as indicated by 8180  and 8,3C values (+4.3 ± 0.2%» and +2.0 ± 0.1%o PDB, 
respectively; n = 41) and Sr concentrations (241 ± 27 ppm, n = 21) (Wheeler and Aharon 1993). 
Low variability in Ca content (57 to 60 mole%) and the absence of any meteoric diagenesis 
suggest that dolomitization occurred further down from the depositional interface than it did in the 
upper dolomite. Observation of thermally mature kerogen in the lower dolomite unit in core DH4 
(Gregory, oral comm. 1991) and evidence of hydrothermal activity (Whitehead et al. 1990,1992) 
imply that re-heating has occurred following sedimentary deposition of the lower dolomite interval. 
However, heavy 5’80  values suggesting dolomitization at temperatures lower than the 20° to 25°C 
projected for the upper dolomite (Aharon et al. 1987), argue that the re-heating and dolomitization 
events were diachronous.
The exact nature of the seawater flow into the platform during dolomitization of the lower 
dolomite unit is unclear. Temperature differences between the carbonate platform and the 
adjacent seawater column may have triggered a thermal convection cell of seawater (Kohout 
convection; Simms 1984) similar to that which Aharon et al. (1987) had proposed for the upper 
dolomite unit (Fig. 2.11D). An alternative means of seawater supply is tidal pumping, as discussed 
above. The concentration of dolomite in a few intervals separated by dolomite-poor intervals is 
consistent with the preferential dolomitization of more permeable strata which is to be expected of 
tidal pumping. Studies are in progress to resolve the question of seawater flow mechanism during 
dolomitization of the lower dolomite unit.
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2.7 Concluding Remarks
Reef carbonates have accumulated at Niue since volcanism ceased in the middle to late 
Miocene. The uppermost 300 m consist of coral reef and associated carbonate sediments which 
were deposited during the late Miocene (Tortonian) to late Pliocene (Piacenzian) or early 
Pleistocene. During the Messinian-early Zanclean, Niue experienced one major sea-level fall of 
about -42 m and seven minor falls of about -34 m. The largest eustatic lowstand occurred at the 
close of the Messinian (5.3 Ma). Niue was last completely submerged during the early 
Pleistocene; subsequent glacial-interglacial eustatic fluctuations have cut two major and 6 to 7 
minor terraces. The post-early Pleistocene emergence is due to upward bowing of the Pacific 
Plate as it approaches the Tonga Trench. Niue's future will be similar to that of Capricorn 
Seamount, now submerged on the eastern, subducting flank of the trench.
Dolomite is generally limited to two vertically distinct units which are separated by a 120 m-thick 
interval of undolomitized limestone. In the upper unit, dolomitization was nearly complete and was 
probably related to intermittent meteoric lens development during the Plio-Pleistocene. In 
contrast, dolomitization in the lower unit averages only 30% and may have occurred further down 
from the depositional surface. All the dolomites precipitated from seawater-derived fluids.
Niue has a single, unconfined freshwater lens which floats on the underlying marine-sourced 
groundwaters and whose water table lies at about 2 m above sea level at the island's center. The 
lens contains about 4.6 km3 of a calcium-magnesium-bicarbonate freshwater with TDS values 
within the WHO guidelines for potable water. Rainfall and recharge rates permit a sustainable 
extraction rate of about 4000 m3 of groundwater/year/hectare from the fresh water lens.
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CHAPTER 3. STRATIGRAPHY AND DEPOSITIONAL AGE
3.1 Introduction
In this chapter, the stratigraphic framework of the Niue platform is presented. Studies prior to 
1979 were limited to outcrops and shallow (< 55 m deep) water well cores (Schofield 1959; 
Fieldes et al. 1960; Schofield and Nelson 1978). Studies conducted since then (Barrie 1979,
1992; Jacobson and Hill 1980a and b) have made only limited stratigraphic use of the deep cores 
(< 700 m deep) drilled subsequently by Avian Mining Pty., Ltd. This study, portions of which have 
been published in Aharon et al. (1993) and Lu et al. (1996), is the first to establish a detailed 
lithostratigraphic and chronostratigraphic framework for the upper 340 m of the Niue platform.
In the first section, the lithologic composition and distribution are determined for the upper 
340 m, and in a much more limited way for the underlying 360 m. The earlier work on dating the 
platform using biostratigraphic and radiometric methods is reviewed, then a detailed 
chronostratigraphy for the upper 340 m is constructed from 87Sr/®6Sr and paleomagnetic 




The Niue carbonate platform is divided into three physiographic provinces (Schofield 1959) 
that are relevant to Niuean lithostratigraphy. The core and overwhelming bulk of the platform is 
made up of the Mutalau Reef and Lagoon, here called the Mutalau Platform (Fig. 3.1). The terrace 
that prominently rims the southwestern half of the island at about 25 m elevation is the Alofi 
Terrace. The Mutalau Platform is early Pleistocene and older (Schofield 1959), whereas the Alofi 
Terrace is a late Pleistocene fringing reef complex (Schofield 1959; Paulay 1988). A lithologic 
subdivision of the Niue platform into the Mutalau Platform and the Alofi Terrace is therefore 
indicated.
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Figure 3.1 Topographic map of Niue Island showing physiographic areas and sample 
locations. The three physiographic areas are Mutalau Ridge, Mutalau Basin, and Alofi 
Terrace. Dashed outline depicts the location and shape of the volcanic core nearest (400 
m depth) the surface (from Hill 1983). Outcrops (A=Amanau, 1=P1, 3=P3, 4=P4, 5=P5, 
7=P7, 9=P9, 11=P11, 12=P12, 20=P20, water well 21=P38, 39=P39, L2=LSU2, 
L3=LSU3). Core holes (1=PB1, 2=PB2, 4=DH4, 5=DH5, 6=DH6, 6a=DH6a, 7=DH7, 
7a=DH7a, 8=DH8). Water wells (F=Fonuakula, 1=Makefu, 2=Makefu SP, 3=Anaiki Motel, 
4=Tuapa SP, 5=Namukulu 1 SP, 6=Hikutavake SP, 7=Toi SP, 8=Mutalau SP, 9=Mutalau 
Fulala, 10=Lakepa SP, 11=Liku SP, 12=Hakupu SP, 13=Hakupu 2 2 ,14=Hakupu 24, 
15=Vaiea DP, 16=Avatele SP, 17=Tamakautoga SP, 18=SP 1 and SP 2 , 19=SP 3, 
20=SP 4 ,21=Paliati, 22=Alofi, 23=Tumea EA). Cave water sites (24=Tukuofe Cave). 
Springs (L=Limu Reef). Sections A-A’, B-B’, C-C’, and D-D’ are shown in Figures 3.14- 
3.17.
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The first description of the internal lithologic structure of the Niue platform was based on 
outcrops and on 7 water wells in the Mutalau ridge and the Alofi Terrace (Schofield and Nelson 
1978). The maximum depth reached by the wells was -1.8 m elevation. XRD and chemical 
determination of mineral compositions indicated that the Alofi Terrace and the margin of the 
Mutalau Platform are composed of limestone. It also showed that the upper 16 m in the Mutalau 
ridge is limestone with only trace amounts (< 7 wt. %) of dolomite and that the mineral composition 
remains metastable in the uppermost 9 m of the limestone. The interior of the Mutalau Platform 
was found to be composed mainly of dolomite that occurs in two stratiform bodies separated by a 
thin limestone interbed.
3.2.2 Methods
Mineral abundance of whole rock samples (n = 417) from cores (PB1, PB2, DH4, DH5, DH6a, 
DH7, DH7a) was determined by X-ray diffraction (XRD) analysis of randomly oriented powders on a 
Philips APD 3720 system using Cu Ka radiation. Side-loaded samples were step-scanned at 
0.040° 20 increments over the range 2-50° 20 with a fixed counting time of 1.0 s. Minerai weight 
percentages were calculated by integrated peak intensity procedures similar to those described 
by Cooketal. (1975).
Outcrop samples (n=28) were processed differently due to expected appreciable amounts of 
high-magnesian calcite. Packed powders were step-scanned at 0.02° 20 increments over the 
range 24.0-34.0° 20 with a fixed counting time of 5.0 s on a Siemens D5000 system. Mineral 
weight percentages were calculated by integrated peak intensity procedures using the method of 
Ferrell and Aharon (1994).
In order to augment the available core coverage, lithologies were inferred from sonic logs in 
the PB2, DH4, DH5, DH6, and DH7 wells, the Fonuakula well, and 6 other water wells. Sonic logs 
measure the travel time of a sound pulse from an emittor on the logging sonde through the well’s 
rock wall to two receivers elsewhere on the sonde (Asquith and Gibson 1982). The velocities 
monitor rock porosity and density; fast velocities indicate low porosity/high density and slow 
velocities indicate high porosity/low density. A lithologic inference is possible in the Niue wells
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because: 1) 10 of the 12 sonic logs are paired with cores or well cuttings in the same or nearby 
wells, and 2) the lithologies are limited to four rock types (dense/porous dolomite, dense/porous 
limestone). Comparison with paired core lithologies shows that the dense dolomites (CM texture: 
see Dolomitization chapter) typically have travel times < 60 milliseconds (e.g., Fig. 3.2) whereas 
porous dolomites (MS texture) have travel times between 60 and 70 msec. The limestones are 
usually porous and have travel times > 70 msec. The dense limestones have travel times (< 60 
msec) similar to the dense dolomites, but core data indicate that dense limestones are rare in the 
Mutalau Platform interior, where the sonic logs were run. The chief uncertainty is in slow velocity 
intervals, which could be due to either porous limestone or particularly porous dolomite. However, 
the core data indicate that the major low velocity section located between -29 and -132 m elev. is 
limestone with < 7mole% dolomite. Above -29 m elev., lithologies from low velocity intervals that 
are not paired with core data were inferred according to the velocity criteria set out above.
3.2.3 Well Lithologies
The most complete coverage occurs at the DH4-PB1 well site (Fig. 3.1). The DH4 well was 
cored from 8.6 m core depth (CD) to the base of the well at 303 m CD; a sonic log was run from 3 m 
to 211 m CD (Fig. 3.2). Core recovery overall was 43%, but was only 10% in the 126-198 m CD 
interval (Appendix A). Located only 9 m from DH4, the PB1 well was cored from 2 m CD to its base 
at 40.2 m CD with an overall core recovery of 32%, although recovery was only 4% in the 17-28 m 
CD interval (Fig. 3.2, Appendix A). No sonic log was run.
The mineral composition of the two cores (Appendix B) indicates that the upper 56 m at the 
DH4-PB1 site is mostly dolomite. At 25.5 to 17.0 m elev. is a limestone composed of up to 
59mole% aragonite that is bisected by a 1 m thick bed of dolomite. Sonic velocities are low in the 
limestones and are generally high in the dolomites (“dense dolomite”) except at -12.0 to -22.0 m 
elev., where the dolomites are chalky and porous (“porous dolomite”). Between -22.0 and -163.5 
m elev., the lithology is LMC limestone with no trace of either aragonite or dolomite. Sonic 
velocities are slow over this interval (“porous limestone") except at -47.5 to -54.0 m, -74.0 to -78.0 
m, and -122.0 to -156.0 m elev. The first interval is partially cemented by equant calcite and the
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Figure 3.2 Lithology of the DH4 and PB1 wells from cores and sonic log. Columns a and b are 
from the 0H4 and PB1 wells, respectively, and show mineral compositions from X-ray diffraction 
analyses of core samples (Appendix B). The columns also show where core was recovered. The 
inferred lithology column is derived from the sonic log following the criteria explained in the text.
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second interval is an unleached mud-rich packstone ("dense limestone”) (see Chapters 5 and 4, 
respectively). The third interval may also have been partially cemented by equant calcite, based 
on what few core samples were recovered. Below -163.5 m elev., the section consists of LMC 
limestone and on average 30mole% dolomite.
Coring in the DH5 well began at 51 m CD and continued to the base of the well at 204 m CD; 
the sonic log was run from 3 m to 200 m CD (Fig. 3.3). Core recovery overall was 28%, but was 
particularly low in the 63-88 and 144-187 m CD intervals (1% and 4%, respectively; Appendix A). 
The core mineral compositions (Appendix B) indicate that the section from the top of the core at 
-17.0 m to -30.0 m elev. consists entirely of dolomite. The sonic velocities suggest that the 
dolomite extends upsection to at least 32 m elev., with a 6 m thick limestone at 1.5 to -5.0 m elev. 
Two slow-velocity intervals at 27.5 to13.5 and -6.5 to -24.5 m elev. may represent porous 
dolomite. However, comparison with the DH4 and DH6 wells suggests that part or all of the 27.5 to
13.5 m elev. interval is probably limestone. Below -30.0 m elev., the core data indicate that the 
section consists of LMC, with < 7mole% dolomite in the -33.0 to -71.0 m elev. interval. Sonic 
velocities point to a porous limestone composition below -30.0 m elev. except for three dense 
intervals at -43.0 to -44.5 m, -54.0 to -55.5 m, and -139.5 to -141.5 m elev. Core data at -54.5 to 
-55.5 m elev. show that the second interval has been extensively cemented by equant calcite. 
There is no core data at the other two intervals, but comparison to the -54.0 to -55.5 m elev. 
interval and to lithologies at the same elevation in the nearby DH4 core suggests that they are 
probably calcite-cemented limestones.
Coring in the DH6 well began at 101.8 m CD and continued to the base of the well at 153.8 m 
CD. Core recovery was < 5% (Appendix A), consequently the core was not examined for this 
study. A sonic log was run from 1 m to 142 m CD. Sonic velocities suggest that the section above 
-17.5 m elev. is dominated by dolomite, with porous limestone beds at 19.5 to 15.5 m and -7.5 to 
-11.0 m elev. (Fig. 3.4). Three intervals at 37.5 to 25.5 m, 15.5 to 1.5 m, and -11.0 to -17.5 m elev. 
have lower velocities that may indicate porous dolomite. The section from -17.5 to -104.0 m elev. 
has velocities that are consistent with porous to partially cemented limestone or porous dolomite.
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Figure 3.3 Lithology of the DH5 well from core and sonic log. The mineralogy column 
shows compositions from XRD analyses of core samples (Appendix B) as well as the 
intervals of core recovery. The inferred lithology column is derived from the sonic log as 
explained in the text.
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Figure 3.4 Lithology of the DH6 well from the sonic log. The core was not utilized due to 
the poor recovery (average 4%) in the interval that was cored (below -60 m elev.). The 
inferred lithology column is derived from the sonic log as explained in the text.
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Similar velocities occur at similar elevations in the 0H7 well, where core data indicate that the 
section is limestone. The -17.5 to -104.0 m elev. interval is therefore interpreted as limestone.
The DH6a well lies 120 m NW of the DH6 well and was drilled to a depth of 500 m CD (Barrie 
1992). How much of the section was cored is unknown and unfortunately the core was destroyed 
during a dispute between Avian Mining and a Niue storage facility. Barrie (1992) reported that the 
well encountered only carbonates. Three fragments from the core at -298.0, -342.0, and -449.0 m 
elev. were analyzed during this study and lithologic information is available from another two at 
-305.0 and -335.0 m elev. (Barrie 1992). Mineral compositions of these samples (Appendix B) 
show that dolomite is present at least as deep as the -298.0 m sample and possibly below the 
-305.0 m sample. Below this point, the samples are almost entirely LMC; aragonite and dolomite 
are limited to trace amounts (< 3mole% and < 1mole%, respectively).
The DH7 well was cored from 100 m CD to the base of the well at 205.4 m; a sonic log was run 
from 2 to 200 m CD (Fig. 3.5). Overall core recovery was 37%, although below 187 m CD the 
recovery dropped to 1% (Appendix A). The core data show that the section from -53.5 to -132.5 
elev. consists entirely of LMC limestone (Appendix B). From -132.5 to -158.0 m elev., the section 
is composed of LMC with on average 14mole% dolomite. There is also 6mole% aragonite at 
-138.0 m elev. in the form of a thick-shelled bivalve. The sonic log reveals two comparatively high 
velocity intervals at 45.0 to 35.0 and 24.0 to -6.0 m elev. The velocities suggest that most of these 
two intervals are porous dolomite, except for the 24.0 to 20.0 m elev. section which is probably 
dense dolomite. The low velocity interval at 34.5 to 24.0 m elev. is probably limestone. Between 
-6.0 and -133.0 m elev., the sonic velocities are generally low and suggest a porous limestone 
composition. The -50.0 to -62.0 m elev. interval is a dense limestone based on the comparatively 
high velocities and equant calcite cementation and recrystaliization of corals to calcite (see 
Chapter 5). The high velocities below -133 m elev. are attributed to partial dolomitization.
The DH7a well was drilled as an offset to the DH7 well and reached a total depth of 700 m CD 
(Barrie 1992). It is unknown how much of the well was cored and, like the DH6a well, the core was
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Figure 3.5 Lithology of the DH7 well from core and sonic log. The mineralogy column 
shows compositions from XRD analyses of core samples (Appendix B) as well as the 
intervals of core recovery. The inferred lithology column is derived from the sonic log as 
explained in the text.
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destroyed. Barrie (1992) reported that the DH7a well encountered only carbonates. No depth- 
indexed samples from the DH7a core were available for this study.
The DH8 well was cored from 100 m to its total depth at 214.5 m CD; no sonic log is available. 
Core recovery was generally < 1% (Appendix A), so the core was not included in this study. The 
driller’s log indicates that the cored interval is limestone composed mostly of leached bioclastic 
packstone or grainstone, with a recrystallized interval at -66.0 to -72.0 m elev.
The PB2 well was cored from 4 m CD to its base at 46.95 m CD (Fig. 3.6). The sonic log was 
apparently run in the adjacent observation well, which was drilled to 50 m CD, as it reaches a depth 
in excess of 47 m. Core recovery averaged 70% (Appendix A). Mineral compositions of the core 
reveal two intervals of dolomite at 33.5 to 27.2 m and 20.2 to below -9.5 m elev. (Appendix B). A
7.5 m thick bed of dominantly LMC limestone intervenes that is itself divided at 26.0 m elev. by a 
0.5 m thick bed of dolomite. The sonic log shows two high and two low velocity intervals which 
generally correspond well with the core lithologies. The exception is below -3.0 m elev., which the 
low velocities suggest is a porous limestone but the core shows is a particularly chalky and/or 
porous dolomite.
The mineral composition of the Fonuakula well (water well F in Fig. 3.1), dug to a depth of 
about 55 m, was determined by Schofield and Nelson (1978) (Fig. 3.7). The sonic log velocities 
agree well with the core lithologies. Both show dolomite intervals at 39.0 to 33.0 m elev. and 
below 26.5 m elev. The slightly faster velocities in the limestone interval above 47.0 m elev. could 
reflect the preservation of aragonitic components.
North of the Fonuakula well, there is a cluster of water wells at Tuila. The mineral composition 
of the Paliati well (water well 21 in Fig. 3.1), drilled to a depth of 54.9 m CD, was determined from a 
short (few cm) core piece at each of 11 intervals (Schofield and Nelson 1978) (Fig. 3.8). Water 
bore 44 (water well 19 in Fig. 3.1) lies about 1 km to the southeast and reached a depth of about 
50 m CD. A sonic log was run in WB44. The core and sonic data indicate the presence of two main 
bodies of dolomite at 47.0 to 41.0 m and below 30 m elev. (Fig. 3.8). A limestone interval with two
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Figure 3.7 Lithology of the Fonuakula well from well samples and sonic log. See Fig. 
3.6 for mineralogy and lithology legends.
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Figure 3.8 Tuila well cluster lithology. The mineralogy (column a) is from the Paliati water 
well (well 21 in Fig. 3.1) based on single samples collected within each of the intervals 
shown in column b (data from Schofield and Nelson, 1978). The sonic log is from water 














Figure 3.9 Alofi well lithology. The well is located on the Alofi Terrace (well 22 on Fig. 
3.1). The mineralogy (column a) is based on single samples collected within each of the 
intervals shown in column b (data from Schofield and Nelson, 1978).
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thin (1-2 m) dolomite beds separates the two main dolomite bodies. The uppermost 3-5 m of the 
section is also limestone.
The Alofi water well is located in the Alofi Terrace within the capital (water well 22 in Fig. 3.1). 
The mineral composition was determined on the basis of core pieces at each of 9 intervals 
(Schofield and Nelson 1978) (Fig. 3.9). A sonic log was also run in the same well. Both the core 
and the sonic log reveal that the entire 24 m section consists of limestone. The high MgC03 
content (15mole%) in the sample at 15 m elev. probably represent high-magnesium calcite 
components (e.g., coralline red algae or marine cement) rather than dolomite because aragonitic 
bioclasts such as corals and mollusks are commonly preserved in the Alofi Terrace, suggesting 
similar preservation of high-magnesium calcite.
The Mutalau/Toi water well cluster lies on the northern rim of the Mutalau Platform. Mineral 
compositions in the Toi well (water well 7 in Fig. 3.1) were determined on the basis of a short core 
piece at each of 6 intervals (Schofield and Nelson 1978) (Fig. 3.10). A sonic log was run in water 
bore 34 (water well 8 in Fig. 3.1) about 2.3 km to the east. The two wells indicate that the section 
consists of an upper dolomite body at 49-44 m elev. and a lower dolomite body below 27 m elev. 
(Fig. 3.10). The core piece at 40 m elev. indicates that a thin (1-2 m) dolomite bed present in the 
Toi well does not extend to WB34.
The Hakupu well cluster occurs on the southeastern rim of the platform. No core information is 
available from any of the wells. Water bore 24 (water well 14 in Fig. 3.1) was drilled to a depth of 56 
m CD (Jacobson and Hill 1980a) and a sonic log was run to 46 m CD. The sonic velocities suggest 
that the section is limestone from the surface at about 53 m elev. down to 35 m elev., below which 
dolomite extends to beyond the base of the logged interval (7 m elev.; Fig. 3.11).
3.2.4 Outcrop Lithologies
Sections were measured at one quarry on the Mutalau Platform and samples were collected 
from 13 other quarries (Fig. 3.1). The measured section was in the Amanau quarry, located on the 
margin of the Mutalau Platform southwest of Alofi (outcrop A in Fig. 3.1). The quarry floor is level 
with the crest of the Alofi Terrace, from which the quarry has been cut back about 130 m into the
53
















b calcite B limestone, porous
■ i dolomite □ dolomite, porous
□ no core ■ 1 dolomite, dense
□ no data
Figure 3.10 Mutalau/Toi well cluster lithology. The mineralogy (column a) is from the Toi 
water well (well 7 in Fig. 3.1) based on single samples collected within each of the intervals 
shown in column b (data from Schofield and Nelson, 1978). The sonic log is from water 
well WB34 (well 8 in Fig. 3.1) located about 2.3 km to the east near Mutalau.







0 2 1 0
seconds
Figure 3.11 Hakupu well lithology. The sonic log is from water well WB24 (well 14 in Fig. 
3.1). No core information is available.
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Mutalau Platform. The Amanau section is a composite of sections 3 (25.0-39.5 m elev.) and 4 
(40.0-44.5 m elev.) which lie along the northeastern quarry wall 90 and 130 m, respectively, from 
the quarry entrance (Fig. 3.12). XRD analyses indicate that section 3 is dominantly limestone 
composed of aragonite and LMC (Fig. 3.13, Appendix B). HMC is absent from section 3, although 
it makes up to 59mole% of the rock at similar elevations elsewhere in the quarry. Dolomite is a 
widespread but minor (< 4mole%) constituent in section 3 except at 26.8, 36.0, and 39.3 m elev., 
where it composes up to 20mole% of the rock. Dolomite constitutes 99mole% of the rock at 26.8 
m elev. at station 2, located 10 m to the west of section 3. In section 4, the LMC dominates the 
limestone and dolomite increases upsection from 1 to 67mole%. These observations suggest 
that there are two main dolomite bodies at Amanau, a lower one at 26.8 m elev. and an upper one 
at around 44.5 m elev.
Quarries P1, P3, P5, P7, P11, P20, P38, P39, and LSU2 are shallow (1-8 m) exposures on 
the crest or interior flanks of the Mutalau ridge (Fig. 3.1). Aragonitic bioclasts such as corals and 
mollusks are moderately to well preserved at these locations, indicating minimal stabilization of the 
limestones to LMC. Quarries P4, P12, and LSU3 (< 1 m depth) generally lie further within the 
basin and show evidence of partial conversion of the carbonate sediments to LMC, including 
moldic porosity after aragonitic bioclasts. Near the basin center at quarry P9 (< 1 m depth), the rock 
has been almost completely converted to dolomite (Appendix B).
3.2.5 Lithostratigraphy of the Niue Platform
The lithostratigraphy of the uppermost 520 m of the Niue platform is depicted in four cross- 
sections (Figs. 3.14, 3.15, 3.16, 3.17). The lithostratigraphy was reconstructed based on the 
core-sonic log composites, cores, and outcrops described above, as well as on core descriptions 
by Schofield and Nelson (1978) of the Tuapa, Lakepa, and Liku water wells, for which no sonic 
logs are available.
Mineral compositions in the Alofi core (Schofield and Nelson 1978) and adjacent outcrops 
(Skeats 1903) and outcrop observations elsewhere indicate that the Alofi Terrace consists of 
limestone in which metastable components such as aragonitic corals and bivalves, and HMC
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Figure 3.12 Panorama of the northeastern wall of the Amanau quarry showing the Amanau composite section, composed of 
sections 3 and 4, and station 2. The quarry entrance, the fossil margin of the Mutalau Platform, and the ocean are to the left. The 
quarry floor is at the level of the adjacent Alofi Terrace. Note the seaward-dipping beds around station 2. The crest of the Amanau 




fiiM  calcite 
H  dolomite 
| | no core
Figure 3.13 Amanau quarry lithology. The quarry (outcrop A in Fig. 3.1) lies on the 
seaward face of the Mutalau ridge southwest of Alofi.
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Figure 3.14 Lithologic section A-A' (line of section is shown in Fig. 3.1). The base of the B Dolomite is inferred from the 
thickness of the interval in DH4, DH5, DH6, and DH7 wells. The results show that the Upper Limestone Unit (ULU) is thickest at the 
platform margin and thins toward the interior. The Upper Dolomite Unit (UDU) consists of two main dolomite bodies, the A Dolomite 
























I MIDDLE LIMESTONE UNIT
UJ
-100
3 km-150 LOWER DOLOMITE UNIT
Figure 3.15 Lithologic section B-B' (line of section is shown in Fig. 3.1). Mineral compositions of the Makefu and Lakepa wells 
are from Schofield and Nelson (1978). The results indicate that the Upper Dolomite Unit (UDU) is a 50 m thick tabular unit that 
extends across the Mutalau Platform. Both A and B Dolomite bodies are saucer-shaped. The UDU is underlain by 130 m of 
undolomitized limestone, the Middle Limestone Unit (MLU). At least 25 m of partially dolomitized limestone, the Lower Dolomite 
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Figure 3.16 Lithologic section C-C’ (line of section is shown in Fig. 3.1). Mineral compositions of the DH8 and Liku wells are from 
the driller's log and Schofield and Nelson (1978), respectively. The lack of dolomite in the Alofi well, which penetrated the Alofi 
Terrace, indicates that the B Dolomite does not extend into the Alofi Terrace. The morphologies of the A and B Dolomite bodies in 
the central Mutalau basin are based on the dolomite in the shallow quarry P9 west of DH8 and on the shapes of the bodies around 
DH4, DH5, and DH6 (see Fig. 3.17). The section shows that the Middle Limestone Unit is undolomitized at the platform center.
Figure 3.17 Lithologic section D-D’ (line of section is shown in Fig. 3.1). The A and B Dolomite 
bodies are clearly saucer-shaped in this area and the A Dolomite body pinches out to the east 
toward Hakupu. The Lower Dolomite Unit (LDU) is approximately 135 m thick based on the DH4- 
PB1 cores and on limited core data from DH6a. The LDU is underlain by > 160 m of minimally 
dolomitized limestones, the Lower Limestone Unit.
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components such as coralline red algae have been preserved. No dolomite has yet been found in 
the Alofi Terrace. The thickness of the Alofi Terrace is presently unclear and how far down the 
flank of the Niue platform it extends is unknown. Laterally, the Alofi Terrace is apparent only on 
Niue’s western, southern, and southeastern coasts (Figs. 3.1, 3.15, 3.16, 3.17).
Five informal lithologic units are distinguishable in the Mutalau Platform on the basis of their 
mineralogical compositions: 1) Upper Limestone, 2) Upper Dolomite, 3) Middle Limestone, 4) 
Lower Dolomite, and 5) Lower Limestone. The Upper Limestone Unit (ULU) consists of aragonitic 
and calcitic limestone with little or no evidence of dolomitization. The thickness of the ULU is 
highly irregular. The maximum measured thickness of about 20 m is in the Fonuakula well (Fig. 
3.17), but thicknesses in excess of 30 m are likely beneath the crest of the Mutalau ridge, 
particularly on Niue’s east coast (Fig. 3.15,3.16, 3.17). The ULU is thinner (1-4 m) beneath the 
Mutalau ridge on Niue's west coast between Tuila and Makefu (Figs. 3.15, 3.16). The unit 
everywhere thins toward the center of the Mutalau basin, where dolomite crops out in the subsoil 
bedrock at the P9 quarry west of the DH8 well (Fig. 3.1).
The Upper Dolomite Unit (UDU) consists of dolomite with a few beds of calcitic and aragonitic 
limestone. Dolomitization has generally been thorough in the interior of the Mutalau Platform; co­
existing calcites are commonly post-dolomitization meteoric cements. At the platform margin, 
dolomitization is typically incomplete and has affected pockets of sediment infill more than the 
coralgal framework and debris. The dolomite is distributed into two major bodies, the A Dolomite 
and the B Dolomite, and a few 1-2 m thick zones (Figs. 3.14, 3.15, 3.16, 3.17). The A and B 
Dolomite bodies are separated by the Limestone Interbed, a 4-14 m thick bed of calcitic and 
aragonitic limestone that extends across the entire Mutalau Platform. The A Dolomite varies from 0 
to 13 m in thickness and extends across most of the platform, pinching out toward Hakupu on the 
SE coast (Fig. 3.17). The B Dolomite varies in thickness from 31 to 44 m and is present 
throughout the Mutalau Platform. Both the A and B Dolomite bodies are saucer-shaped due to 
concave-upward upper and lower contacts. Vertical transitions between dolomite and limestone at 
the contacts are abrupt, occurring within 0.5-1 m.
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The Middle Limestone Unit (MLU) consists entirely of LMC limestone except for the interval at 
-33 to -71 m elev. in the DH5 well, where dolomite constitutes < 7 mole%. With the exception of 
this dolomitic limestone, the base of the MLU is set at the first appearance of dolomite below the 
UDU. The MLU is roughly 125 to 140 m thick and probably extends across the entire Mutalau 
Platform (Figs. 3.15, 3.16, 3.17).
The Lower Dolomite Unit (LDU) is characterized by dolomitic limestones in which dolomite 
constitutes on average 30mole%, and ranges from 0 to 100mole% (Figs. 3.15, 3.17). The 
limestones consist entirely of LMC except at -138 m elev. in the DH7 well, where there is 6mole% 
aragonite due to the presence of thick-walled bivalves. The unit is about 140 m thick, based on a 
top at -163 m elev. in the DH4 well and an estimated base at -301 m elev. in the DH6a well. In the 
DH7 well, the top of the LDU is higher (-132.5 m elev.), but its base is unknown due to the lack of 
lithologic or sonic log information from the DH7a well. The lateral extent of the LDU toward the 
margins of the Mutalau Platform is presently unknown.
The Lower Limestone Unit (LLU) is presently known only from 4 core samples from the DH6a 
well (Fig. 3.17) which indicate that it consists of LMC limestone with <3mole% aragonite and 
<1mole% dolomite. The unit extends beyond the base of the DH6a well at -462 m elev., indicating 
a thickness in excess of 160 m. Barrie (1992) reported that the carbonate section continues 
beyond the base of the DH7a well (-653 m elev.), but except for a single limestone sample at -633 
m elev., the composition of the carbonate rocks in that well is unknown.
A composite column of the lithologic units in the Mutalau Platform is shown in Figure 3.18.
The base of the UDU in the lithologic column reflects its stratigraphic location in the DH4 and DH5 
wells, whereas the UDU/MLU contact is placed midway between the two. The MLU/LDU contact is 
plotted at its highest stratigraphic occurrence, which is at -132.5 m elev. in the DH7 well. However, 
the reported thicknesses of the MLU and LDU were calculated using the contact at -163 m elev. in 
the DH4 well. The dolomite percentage in the lowermost 32 m of the LDU is based on the average 
composition in the DH4 well (30mole%) and on the composition of the DH6-336 sample. The
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Figure 3.18 Composite lithologic and stratigraphic column for the Mutalau Platform at 
Niue Island. The percentage of dolomite between -270 and -295 m elev. was estimated at 
the average (30 mole%) for the Lower Dolomite Unit.
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lithology of the LLU was extrapolated from 4 core samples in DH6a and should be regarded as 
tentative.
3.3 Biostratigraphy
Biostratigraphic examination of the Niue platform has been limited and none was attempted 
during this project. The most extensive study to date was that by Chaproniere based on samples 
from cores PB1, PB2, and DH4 between 34 and -186 m elevation (reported in Jacobson and Hill 
1980a). He observed that older Miocene foraminifera such as Lepidocyclina, Miogypsina, 
Flosculinella, or Austrotrillina were absent, but Marginopora vertebralis and Sorites were present 
(Chaproniere 1992 written comm.). He concluded (Chaproniere, in Jacobson and Hill 1980a) that 
the section above -190 m elev. is no older than Middle Miocene and is probably younger, and 
subsequently suggested (Chaproniere 1992 pers. comm.) that the section is Late Miocene or 
younger.
All other biostratigraphic dating of the Niue platform has been based on outcrop samples. 
Agassiz (1903) identified fossil gastropods, bivalves, and corals collected by the Rev. F. E. Lawes 
from the Mutalau basin as Tertiary in age. Schofield (1959) stated that Skeats (1903) examined 
the same fossils and found none to be Tertiary in age, but in fact Skeats used samples collected 
by T. W. E. David of the Royal Society Funafuti expedition and offered no opinion about their age. 
Schofield (1959) collected fossil bivalves and gastropods from eight Mutalau basin outcrops that 
were judged by C. A. Fleming to be Plio-Pleistocene in age (reported in Schofield 1959) or about 
1.8 Ma (Schofield 1959). Paulay (1988,1990,1994,1996) concluded that the Mutalau Platform is 
Pliocene in age and that the Alofi Terrace is middle Pleistocene (Paulay and Spencer 1992) 
based in part on fossil bivalves and corals. Taviani (1996 written comm.) reached a similar 
conclusion from fossil mollusks collected from the Mutalau Platform and Alofi Terrace.
3.4 Radiometric Ages
Dating of the uppermost part of the Niue platform has been attempted by some previous 
workers using U-series nuclides in the soils and the carbonates.
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3.4.1 Soils
Niuean soils are anomalously radioactive for a Pacific carbonate island (Marsden et al. 1958; 
Fieldes et al. 1960). p and y radioactivities of samples collected prior to atmospheric nuclear tests 
average 33 ±24 counts/sec (n=28) and 32 ±26 counts/sec (n=30), respectively (Fieldes et al.
1960). The main sources of the radioactivity are the decay of “ Rn, derived from 226Ra, and of 
230Th. Soil ^ R a /^ U  ratios reveal that the concentration of ^ R a  is not supported by the 
concentration of 238U. Such a disequilibrium is common in marine sediments because 238U forms 
soluble compounds in seawater whereas its daughter 230Th is adsorbed onto sedimenting 
particles (Broecker and Peng 1982). This observation has led to the hypothesis that the soils 
acquired the U-series elements by immersion of the soils or their sediment precursors in seawater 
(Fieldes et al. 1960; Whitehead et al. 1992). If true, this could date the last submergence of the 
Niue platform at 200 Ka (based on soil ^R a/8* ^  ratios; Fieldes et al. 1960) to 400 Ka (based on 
soil » U /« U  ratios; Whitehead et al. 1992).
Two underpinnings of this hypothesis are controversial: 1) the origin of the soils, and 2) the 
origin of the radionuclides in the soils. Some have concluded from Fe-oxide mineral levels in the 
soils and carbonates that the soils were produced by weathering of volcanic ash (Fieldes et al. 
1960; Whitehead et al. 1990). However, soil FejOj/AiPj ratios and other elemental data point to 
weathering of Niuean carbonates rather than of volcanic ash as the source of the soils (Whitehead 
et al. 1993). The average 36 cm soil layer (Wright and van Westendorp 1965) could have been 
produced by dissolution of 22 m of the carbonate bedrock, based on an average insoluble 
residue of 2% (Whitehead et al. 1993; Dickson 1993). Radioactivities in the carbonates are 300 
times less than in the soil, however, requiring another source for the soil radionuclides 
(Whitehead et al. 1992). Post-erosional immersion of the soils in seawater is one possibility 
(Whitehead et al. 1992). Another is a hydrothermal origin for the radionuclides in the soils and 
carbonates (Schofield 1967a; Dickson 1993; Whitehead et al. 1993) based on: 1) the 
downsection increase in radioactivity in carbonates from the Fonuakula well, 2) the observation 
that soil radioactivities are highest in the southern part of the island near the volcanic core
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(Schofield 1967a), 3) the coincidence of high soil radioactivity and high soil Hg concentrations, 
attributed to upwelling hydrothermal fluids (Whitehead et al. 1990), and 4) the coincidence of 
higher radioactivity with soil types that develop over dolomite bedrock in the center of the Mutalau 
basin (Whitehead et al. 1993). The latter is grounded on a thermal convection origin for the UDU 
dolomites (Aharon et al. 1987). If seawater was not the source of the radionuclides in the soils, 
then the soil radiometric ages are irrelevant to when the platform was last submerged.
3.4.2 Carbonates
Radiometric dating of Niuean carbonates has been limited to U-series analysis of 8 samples 
from in or near the Fonuakula well (Whitehead et al. 1992). A limestone from the nearby subsoil 
bedrock (probably in the Upper Limestone Unit) gave an apparent age of 294 ka. Four ULU 
limestones in the well gave calculated ages of 117 to 1050 ka and another from the Limestone 
Interbed gave an age of 550 ka. Two dolomites from the A and B Dolomite bodies gave apparent 
ages of infinity and 1.3 Ma, respectively. The fact that the limestone ages do not increase regularly 
downsection suggests that that the U compositions have been altered by diagenesis (Whitehead 
et al. 1992) or reflect emplacement of hydrothermal U independently of stratigraphic order 
(Dickson 1993). The “ ’Pa/^U ratio in the A Dolomite sample suggest that the U has been leached 
within the last 150 ka (Whitehead et al. 1992). The data therefore suggest that the existing 




Limestones (n=47) from cores DH4, DH5, DH7 and from the Fonuakula well were prepared 
and analyzed at Max-Planck Institute, Mainz, Germany, by P. Aharon. The limestones are whole- 
rock samples chosen to avoid intervals of extensive meteoric diagenesis. Samples consisting 
entirely of CaC03 were processed as described in Aharon et al. (1993). In dolomitic limestones, 
CaC03 was separated from the dolomite by leaching the powder in distilled water. The leachates 
were then handled as with the pure limestones. About 200 07Sr/®6Sr ratios per sample were
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acquired using a MAT 261 mass spectrometer. The mean measured ^Sr/^Sr value of the NBS- 
987 standard over the duration of the analyses was 0.710263 ± 0.000007 (2o) for n=11 (Aharon 
et al. 1993).
Limestones (n=2) and bivalves (n=4) from outcrops were prepared and analyzed at the 
Department of Geology and Geophysics, Louisiana State University. Samples were dissolved in 
0.5N ultra-pure acetic acid and the Sr in the leachates was extracted by standard techniques of 
cation exchange chromatography. About 100 a7Sr/“ Sr ratios per sample were acquired using a 
Finnigan 262 mass spectrometer. Repiicate analyses of the NBS-987 standard during the 20 
months up to and including the analytical period gave a mean measured value of 0.710259 ± 
0.000014 (n=13). All a7Sr/®6Sr results from both the cores and the outcrops have been normalized 
relative to a NBS-987 value of 0.710230.
A seawater ̂ Sr/^Sr curve for the last 11 Ma was constructed from the data sets of Hodell et al. 
(1989,1990, 1991) using the time scale of Cande and Kent (1995) (Fig. 3.19). The Hodell 
^Sr/^Sr data were normalized relative to a NBS-987 value of 0.710230.87Sr/86Sr ratio+error and 
^Sr/^Sr ratio-error values were calculated from the normalized values and the reported 2o errors. 
The ages given by Hodell et al. (1989,1990,1991) were converted from the Berggren et al. 
(1985) to the Cande and Kent (1995) chronology by scaling between corresponding 
paleomagnetic chron boundaries. 07Sr/86Sr ratios+error and ratios-error were smoothed on a 5- 
point running average. The smoothed values were plotted against the converted ages to produce 
minimum and maximum curves that bracket the seawater ̂ Sr/^Sr curve within the range of 
sampling and analytical error (Fig. 3.19).
Minimum and maximum apparent ages were determined graphically from the intersection of 
the sample ^Sr/^Sr ratio with the two seawater ̂ Sr/^Sr curves, then the median age and 
difference were calculated. Where ratios fell within either of the two plateaus in the seawater cun/e 
(at 0.709025 and 0.708925), the minimum and maximum ages were estimated from the nearest 
intersections with the curves that are consistent with the age and stratigraphic order of adjacent 
samples.
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Figure 3.19 Seawater 87Sr/“ Sr evolution curve. The 87Sr/®6Sr data are from Hodell et al. 
(1989,1990, 1991) and have been normalized to a NBS-987 value of 0.710230. The two 
curves represent the mean seawater ̂ Sr/^Sr values plus and minus the reported 2a 
errors, respectively, and have been smoothed using a 5-point running average. Ages are 
according to the time scale of Cande and Kent (1995).
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3.5.2 Apparent Depositional Ages from Strontium isotopes
The limestone 87Sr/®6Sr ratios and the apparent depositional ages are shown in Appendix C. A 
large portion of the data has been previously reported. Wheeler and Aharon (1991) published the 
87Sr/“ Sr ratios (normalized to a NBS-987 value of 0.710220) of the 8 limestones between 125 and 
57 m CD in the DH4 core (see Fig. 6.9). Using a seawater ̂ Sr/^Sr curve constructed from the 
DSDP Site 502 record of Hess et al. (1986) and the graphic correlation method of Hazel (1989), 
they calculated that the interval ranges in age from 5.7 to 3.2 Ma.
Aharon et al. (1993) published the 87Sr/6eSr ratios (normalized to a NBS-987 value of 
0.710230) of 10 limestones between 150 and 73 m CD in DH4 and one limestone from 112 m CD 
in core DH5. Apparent ages were calculated using the Cande and Kent (1992) time scale and are 
shown in Appendix C. The ages given in this report are based on the revised time scale of Cande 
and Kent (1995), which included a shift in the proposed age of the base of the Thvera subchron 
from 5.046 to 5.230 Ma. The samples discussed in Aharon et al. (1993) bracket this age boundary 
and consequently the ages reported here reflect the shift in the time scale with respect to the 
seawater 87Sr/8aSr curve. Aharon and Wheeler (1994) discussed the results of all the core 
limestone analyses using the Cande and Kent (1992) time scale.
The most complete record of limestone ^Sr/^Sr ratios in the Niue platform is from core DH4. 
The 42 samples extend from -269 to 24 m elev. and the a7Sr/86Sr ratios show a general upsection 
increase from 0.708927 to 0.709043 ±12x1 O'6 2a  (Fig. 3.20), values that are significantly lower 
than in modem marine carbonates (0.709131 ±15x10'®; n=10) (Aharon and Wheeler 1994). The 
DH4 87Sr/®®Sr cun/e is markedly similar both in shape and in 87Sr/66Sr values to the seawater ̂ Sr/^Sr 
cun/e after 9 Ma (Fig. 3.19) (Aharon and Wheeler 1994). From the base of the core to -116 m 
elev., the ratios vary between 0.708896 and 0.708968 with no apparent trend. From -116 to -67 
m elev., they increase almost invariably from 0.708936 to 0.708975, then jump to 0.709014 at 
-60 m elev. There is a second plateau in the ratios between -60 and 6 m elev. where they vary from 
0.709006 to 0.709029. Finally, between 6 and 24 m elev., the ratios increase from 0.709007 to a 
maximum of 0.709056. The seawater cun/e suggests that the plateau below -116 m elev. is
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Figure 3.20 Core DH4 CaC03 ^Sr/^Sr ratios. Whole-rock CaC03 data are from samples 
consisting entirely of CaC03, whereas CaC03 fraction data are from CaC03 leached from 
dolomitic limestone samples (see text). Note the almost monotonic increase from 
0.708936 to 0.709014 between -116 and -60 m elev. Comparison with the seawater 
"Sr/^Sr evolution curve (Fig. 3.19) indicates an apparent age for this interval of 6.0-5.0 
Ma (late Messinian-early Zanclean).
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8.5-6.0 Ma old, the rise between -116 and -60 m is 6.0-5.0 Ma old, the plateau between -60 and 6 
m is 5.0-2.8 Ma old, and the rise above 6 m is 2.8-2.0 Ma old.
The apparent ages indicate that the Mutalau Platform at DH4 ranges in age from about 8.5 Ma 
(late Tortonian) at -269 m elev. to 2.0 Ma (late Piacenzian) at 25 m elev. (Figure 3.21) (Aharon and 
Wheeler 1994). The Sr isotopic ages suggest that the Tortonian-Messinian boundary (6.935 Ma; 
Cande and Kent 1995) lies at -178 m elev., although the absence of a secular trend in the 
contemporary seawater ̂ Sr/^Sr curve renders this unclear. Aharon and Wheeler (1994) placed 
the boundary at -155 m elev. based not only on the Sr isotopic results, but also on paleomagnetic 
data (see below). The Messinian-Zanclean boundary (5.32 Ma; Hilgen and Langereis 1993; 
Berggren et al. 1995) lies at -64 m elev. (-60 m in Aharon and Wheeler 1994). The Zanclean- 
Piacenzian boundary (3.58 Ma; Berggren et al. 1995) falls at -2 m elev.
This stratigraphy is supported by samples DH5-112 and DH7-184, whose apparent ages of 
5.27 and 5.65 Ma (Appendix C) are similar to or slightly younger than the late and middle 
Messinian ages at the same elevations in the DH4 core. The DH5-188 sample is problematic, as its 
apparent age of 6.93 Ma (Appendix C) falls at the Tortonian-Messinian boundary, but comes at an 
elevation over 20 m higher than the same boundary in the DH4 well inferred from the Sr isotope 
data. The location of the Tortonian-Messinian boundary in the two wells was resolved using 
paleomagnetic data (see below).
The Fonuakula samples lie at 50.3 and 54.9 m elev., yet their apparent ages of 2.94 and 2.31 
Ma (Piacenzian) are similar to ages in the DH4 core at 8 to 20 m elev. This implies that the near­
surface strata on the plateau around Fonuakula (Fig. 3.1) are older than a simple stratigraphic 
reconstruction would suggest. Time lines may rise as they approach the platform margin from the 
Mutalau basin. This suggests that water depths within the lagoon at the DH4 wellsite were as great 
as 30-40 m during the Piacenzian.
The bivalve ^Sr/^Sr results are problematic, probably because all four bivalves have ^Sr/^Sr 
ratios within the 0.709025 plateau in the seawater ^Sr/^Sr curve. The P11 bivalves were 
collected within a shallow (5 m) quarry, so the difference in the 2.92 and 4.12 Ma ages cannot be
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Figure 3.21 Core DH4 apparent depositional ages from 87Sr/®6Sr ratios. Stage 
boundaries in the core were extrapolated from the intersection of the accepted boundary 
ages (see text) with the core age curve.
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attributed to stratigraphic separation. The LSU2 mussel was collected from a shallow (2 m) quarry 
in the Mutalau basin at 38 m elev. only 5.3 km northwest of the DH4 well (Fig. 3.1), yet its 4.18 Ma 
age is as old as strata at about -20 m elev. in the DH4 core. The 2.99-2.92 Ma ages provided by 
the P5 Tridacna and the P11 Codakia are the most reasonable of the four bivalve ages because 
they are from elevations (39 and 48 m above sea level, respectively) between those of 
comparable age strata at the Fonuakula and DH4 wells (50 and 8 m elev., respectively). Both sites 
P5 and P11 occur on the basinward flank of the Mutalau ridge (Fig. 3.1), so the ages support the 
above observation that time lines rise from the basin toward the platform margin.
The two samples from the Mutalau Platform margin at the Amanau quarry gave apparent ages 
of 1.91 and 1.76 Ma (late Piacenzian and early Calabrian, respectively). These ages are notably 
younger than the Fonuakula samples, which occur at higher elevations (50-55 m versus 26-39 m). 
It is possible that the limestones fronting the Mutalau Platform below the 55 m terrace at Amanau 
(Fig. 3.17) constitute a fringing reef complex that accreted onto the platform during a late 
Piacenzian-early Calabrian sea level lowstand.
In summary, the limestone a7Sr/“ Sr ratios indicate that the upper 340 m of Mutalau Platform 
developed from 8.5 Ma to not long after 1.8 Ma (Tortonian-Calabrian). All five stages are 
represented by substantial sections, suggesting that any halt in deposition was never prolonged.
3.6 Magnetostratigraphy
This section presents the work published as Lu et al. (1996) with subsequent revisions.
3.6.1 Methods
Paleomagnetic measurements were conducted on a total of 239 samples in order to 
determine their paieoinclinations (Appendix D). In core DH4,137 samples spanning the interval 
from 9 m to 303 m core depth were studied. In cores OH5, DH7 and PB2, the number of samples 
measured was 34, 55 and 13, respectively. Up-orientations had generally been marked by the 
driller during core recovery. Wherever present, geopetal structures almost invariably confirmed 
the marked orientations. Macroscopic bodies of meteoric cements were avoided in the sampling
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of the meteoric diagenesis zones in the middle limestone and upper dolomite intervals (Fig. 2.6) 
in order to minimize any secondary overprint of the primary magnetization.
Samples were cut into cubes or square chips to fit into an 8 cm3 sample holder for 
paleomagnetic determinations at Louisiana State University. After stepwise alternating-field (AF) 
demagnetization with peak fields up to 100 milliteslas (mT), Natural Remanent Magnetization 
(NRM) was measured with a three-axis CTF-made cryogenic magnetometer equipped with SQUID 
(Superconducting QUantum Interference Device) within a shielded room. Demagnetization data 
were plotted on orthogonal diagrams (Zijderveld, 1967). Paleoinclinations of the component 
magnetizations were determined with principal component analysis (Kirschvink, 1980) which 
yields a least-squared-fit vector and its mean angular deviation (MAD). The magnetic polarity of the 
samples are based solely on the direction of paleoinclinations (up or down) because rotary coring 
does not permit orientation of the cores with respect to magnetic north.
Stepwise Isothermal Remanent Magnetization (IRM) was imparted to selected samples with an 
impulse magnetizer in a field up to 1100 mT. The magnetic mineralogy was determined from IRM 
acquisition curves as indicated below. NRM to Saturation IRM (SIRM) ratios were obtained for 
selected limestone and dolomite samples by comparing relict NRM with relict SIRM in the process 
of stepwise AF demagnetization (Hart and Fuller, 1988; Fuller et al., 1988). This NRM/SIRM 
experiment was performed in order to test whether dolomitization was associated with secondary 
magnetization overprinting the primary magnetization.
Polarity intervals were defined by grouping adjacent sample polarities and matching them to 
the polarity chrons and subchrons of the Geomagnetic Polarity Time Scale (GPTS; Cande and 
Kent, 1992; 1995). A total of 64 samples were excluded from the polarity analysis on account of: 
(a) extremely weak or unstable magnetizations; (b) near-horizontal inclination (< 10°), and/or (c) 
reversal defined by a single sample which may have been misoriented. The percentage of 
exclusion in our sample pool (27%) is comparable to that of San Salvador (22%; McNeill et al., 
1988) and Mururoa (23%; ATssaoui et al., 1990). The reliability of the paleoinclinations acquired
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here can be judged on the basis of their Mean Angular Deviations (MAD) which were less than 
15°, with the majority having deviations less than 10°.
3.6.2 Determination of Paleoinclinations
Paleoinclinations depicted in orthogonal diagrams (Fig. 3.22) show projections of the 
characteristic natural remanent magnetization vector end-points at different demagnetization 
levels on both the horizontal and vertical planes. The inclinations were evaluated and calculated 
from the vertical projection. Most of the samples exhibit a well-defined single component 
magnetization which decays toward the origin, thus suggesting a primary magnetization (Fig. 
3.22). Because Niue Island is in the southern hemisphere, up inclination (Fig. 3.22A) 
corresponds to normal polarity whereas down inclination (Fig. 3.22B) corresponds to reversed 
polarity. Of the 175 samples used for derivation of paleoinclinations, 77 show normal polarity and 
98 show reversed polarity (Appendix D). Computation of mean paleoinclination for Niue samples 
with iteration using the inclination-only method (Kono, 1980) yielded a value of 34.1° (with 3.3° as 
the 95% circle of confidence), which is in good agreement with the expected present-day 
inclination of 34.6° at Niue based on the geocentric axial dipole model. This result suggests that 
Niue's paleolatitude has not changed substantially from Miocene to the present, which is 
consistent with the contemporaneous motion of the Pacific plate toward about 300° azimuthal 
direction (Lonsdale, 1988).
3.6.3 Identification of Polarity Intervals
The paleoinclinations derived from core DH4 samples delineate a succession of normal and 
reversed polarity intervals which generally show good stratigraphic correlation with those polarity 
intervals identified in the adjacent cores DH5, DH7 and PB2 (Fig. 3.23). The magnetostratigraphy 
confirms correlations between the cores previously established on the basis of oxygen, carbon 
and strontium isotopes (Aharon et al., 1993), as well as from unconformities and facies (Wheeler 
and Aharon, 1994). The composite magnetostratigraphic record in Figure 3.24 was established 
by converting DH5, DH7 and PB2 core depths to their corresponding depths in core DH4. The 
polarity reversals pattern was correlated with the GPTS (Cande and Kent, 1992; 1995) using the
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Figure 3.22 Representative orthogonal diagrams for limestones in core DH4 showing: Single component primary magnetization 
with "up" inclination obtained by A) alternating field (AF) demagnetization and B) thermal demagnetization (sample at 97 m core 
depth); C) Single component primary magnetization with "down" inclination (sample at 123 m core depth). Filled circles and empty 
circles represent projections of the characteristic NRM vector end-points on a horizontal plane and a vertical plane, respectively. 
Inclinations are seen on the vertical projection (open circles). Values labeled by the empty circles represent levels of stepwise 
alternating field demagnetization in units of millitesla (mT). Each division of magnetic intensity of NRM shown in both horizontal and 
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Figure 3.23 Correlation of polarity intervals between cores (Fig. 3.1). In the polarity column, black denotes normal polarity and 
white denotes reversed polarity. Shaded pattern depicts an interval where both normal and reversed polarities were observed. 
Polarity chrons are from Cande and Kent (1992; 1995). See Figs. 3.2,3.3,3.5, and 3.6 for core recovery information. Modified 
from Lu et al. (1996).
following chronologic control points (Fig. 3.24): (i) benthic foraminifera biostratigraphic markers at 
122 m and 200 m depths indicating late Miocene ages (G.C.H. Chaproniere, reported in Jacobson 
and Hill, 1980); (ii) eight Sr isotope dates of 5.2 to 5.8 Ma over the depth interval 90 to 150 m 
corresponding to Chron 3r (late Messinian) interval (Aharon et al., 1993), and (iii) distinctive sets of 
polarity chrons and subchrons such as the series of short normal and reversed subchrons in 
Chron 3, the relatively long reversed Chron 3r and the succession of normal and reversed 
polarities within Chron 4. On the basis of these correlations we suggest that the chronology of the 
cores at Niue extends from Chron 4r at the base to Chron 1 r at the top corresponding to Tortonian 
and early Pleistocene (Calabrian) times, respectively (Fig. 3.24).
The stratigraphy presented in Figures 3.23 and 3.24 is revised from the interpretation 
published in Lu et al. (1996) in two respects: 1) core PB2, and 2) the Chron 2n-Chron 1 r interval in 
core DH4. Lu et al. (1996) interpreted the PB2 polarity record as extending from Chron 3n.1 n to 
Chron 2r.1 r based on correlations with core DH4, assuming similar ages at similar elevations. 
However, correlation of depositional packages (see below) suggests a more compatible 
interpretation in which the record extends from Chron 2An.3n to Chron 1 r.2r (earliest Piacenzian- 
early Calabrian) with a reverse polarity interval (Chron 2r.2r) missing at 12.7-15.5 elevation due to 
poor core recovery.
In core DH4, Lu et al. (1996) inferred that the section from 24.7 m to the surface at 34.2 m 
elev. lies in Chron 2n. However, the thickness predicted by the late Pliocene accumulation rate 
(19.0 m/myr; see below) and the duration of chron 2n (0.180 myr; Cande and Kent 1995) 
suggests that the top of Chron 2n lies at about 28 m elev. and that the overlying section is 
probably in Chron 1 r.2r (earliest Calabrian).
Documentation of polarities extending across meteoric diagenesis zones without a 
discernable change of phase (Fig. 3.24) suggests that, in general, meteoric diagenesis does not 
impair the primary polarity pattern. The exception to the above is the well-developed diagenetic 
zone 9 representing the end Messinian interval (Fig. 2.6) where contemporaneous samples from 
adjacent cores yield polarities of mixed phases over a 12 m thick section (labeled X in Fig. 3.24).
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Figure 3.24 Composite magnetostratigraphic section of the Niue cores based on DH4 
(crosses), DH5 , OH7 and PB2 (filled squares). The maximum depth deviation between 
cores is 21 meters. All core depths were converted to DH4 core depths. Chrono- 
stratigraphic control points consisting of Sr isotopes (small arrows, Aharon et al., 1993) 
and biostratigraphy based on large benthic foraminifera (large arrows, Chaproniere in 
Jacobson and Hill, 1980), in conjunction with unambiguous polarity reversals, allow 
derivation of the geologic time scale on the right. Major and minor unconformities 
(numbered 1 to 14) are marked by heavy and thin lines, respectively.
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Evaluation of factors which may have caused the observed ambiguous polarities in the end 
Messinian interval is deferred to the Discussion section.
3.6.4 Identification of the Principal Magnetic Carrier
The nature of the magnetic carrier in the Niue carbonates was determined from the results of 
progressive acquisition of isothermal remanent magnetization which were normalized to the 
maximum IRM (Fig. 3.25). An IRM acquisition curve for magnetite typically shows a sharp rise in 
IRM up to 200 mT and approaches saturation at 300 mT (Lowrie and Heller, 1982). IRM acquisition 
curves for selected samples of limestones (Fig. 3.25A) and dolomites (Fig. 3.25B) reach 
saturation at a field of about 300 mT, suggesting that magnetite is the dominant magnetic carrier at 
Niue (Lowrie and Heller, 1982). Maximum unblocking temperatures determined during thermal 
demagnetization of these samples are in excess of 450°C, which negates the possibility of 
pyrrhotite as a magnetic carrier. These results are in agreement with previous observations that 
single domain (SD) magnetite associated with magnetotactic bacteria is the primary magnetic 
carrier in shallow water carbonate settings (Blakemore, 1975; Kirschvink and Chang, 1984;
McNeill et al., 1988; Ai'ssaoui et al., 1990; McNeill, 1990).
3.6.5 NRM Intensities and Inclinations
Distribution of NRM intensities among limestone and dolomite samples is strikingly similar and 
notably variable (Fig. 3.26). Excluding a small and highly variable NRM "tail", intensity values for 
the remaining 89% of limestones shown in Figure 3.26A range from a minimum of 0.015 mA/m to 
a maximum of 0.371 mA/m with mean intensities of 0.126 ±0.095 mA/m (n=76). By comparison, 
91% of the dolomites (Fig. 3.26B) yield an NRM intensity range from 0.007 mA/m to 0.365 mA/m 
and a mean value of 0.121 ±0.097 mA/m (n=73). The NRM intensities observed at Niue are 
comparable to the ones reported by McNeill et al. (1988) from the carbonate platform at Bahama 
(mean 0.0745 mA/m) and are substantially higher relative to the intensities observed by ATssaoui 
et al. (1990) at Mururoa (mean 0.032 mA/m). However, all three late Cenozoic carbonate platforms 
(i.e., Bahamas, Mururoa and Niue) yield NRM intensities which are significantly weaker than the 
reported values from deep sea sediments (up to 150 mA/m; Lu and Banerjee, 1994).
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Figure 3.25 IRM acquisition curves for core DH4 samples. A) Limestones: triangle, 
square and circle are for samples at core depths 104.5m, 130 m and 144 m, respectively 
(middle limestone unit, Fig. 3.17). B) Dolomites: square, triangle and circle are for samples 
at core depths 14 m , 44 m and 53 m, respectively (upper dolomite unit, Fig. 3.17). The 
vertical axis represents IRM to maximum IRM ratio. In each graph, the three curves are 
remarkably concordant with IRM reaching saturation at about 300 mT and suggesting that 
magnetite is the dominant magnetic carrier at Niue.
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Figure 3.26 Histograms of NRM intensities in limestone A) and dolomite B) samples 
documenting the intensity of magnetization at Niue. These NRM intensities are 
significantly higher than the ones reported at Mururoa by Aissaoui et al. (1990) but 
substantially weaker than values typical of deep sea sediments (see text)
84
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Inclinations at Niue vary over a wide range from 2° to 79° in both limestone and dolomite 
samples (Fig. 3.27). Similar highly variable inclinations have been observed in other Cenozoic 
carbonate platforms (McNeill et al., 1988; McNeill and Kirschvink, 1993; Aissaoui et al., 1990; 
Aissaoui and Kirschvink, 1991), where they were attributed to the diversity of carbonate 
depositional environments and the complex nature of shallow water sedimentary processes, 
particularly bioturbation (McNeill and Kirschvink, 1993). However, the observed variable 
inclinations could also be ascribed to the combined effect of sample preparation and analytical 
errors, especially in the case of carbonate platform samples possessing weak magnetization.
3.6.6 Accretion History of the Carbonate Platform at Niue
A good approximation of the accretion history at Niue from the late Miocene (chron 4r) to the 
late Pliocene (chron 2n), an interval of about 7.1 Ma, was obtained by plotting the core depths of 
the polarity chron boundaries at Niues versus their GPTS ages (Cande and Kent, 1995) (Fig.
3.28). The platform growth curve (uncorrected for isostasy) can be further sub-divided into five 
intervals whose individual accretion rates were computed by regression of depth versus age 
within each segment. With the exception below, the growth curve in Figure 3.28 indicates a 
progressive decline in accretion, from a rate of 62.1 m/Ma during the Tortonian to 19 m/Ma during 
the late Pliocene. The exception is the late Messinian interval occurring within the relatively 
prolonged chron 3r where the pace of accretion seems to have anomalously and rapidly increased 
by a factor of 2 (i.e., 114.5 m/Ma) relative to the older Tortonian interval (Fig. 3.28).
The growth curve in Figure 3.28 raises the question of the factors that controlled the variable 
accretion rates throughout the history of carbonate deposition at Niue. The following 
observations shed some light on these factors.
(1) The relatively high rates of accretion during the Tortonian (62.1 m/Ma) and lower Messinian 
(35.1 m/Ma) intervals, coupled with the conspicuous absence of dissolution unconformities, 
resulted in the preservation of a complete suite of magnetic polarity chrons. Chrons 4r to 3An 
thicknesses in the Niue section mimic their duration in the GPTS record, suggesting steady, 
uninterrupted deposition over this interval.
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Figure 3.27 Histograms of inclinations in limestone A) and dolomite B) samples 
showing a wide range comparable to the one reported from Bahamas by McNeill et al. 
(1988).
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Figure 3.28 Depth versus paleomagnetic age model for the Niue composite section. Polarity 
chrons and ages of GPTS in Ma shown on the horizontal axis are from Cande and Kent (1992;
1995). The corresponding polarity pattern recorded at Niue are shown on the vertical axis. Black 
denotes normal polarity and white denotes reversed polarity. Carbonate accretion rates in m/Ma 
were estimated for five intervals by regressing the depths of chron boundaries in the composite 
core against their boundary ages. Arrows mark the position of Sr isotope ages (in Ma) reported 
by Aharon et al. (1993). T=Tortonian; M=Messinian; Z=Zanclean; P=Piacenzian. Note the 
excellent agreement observed between the magnetostratigraphy and Sr isotope 
chronostratigraphy over the Messinian interval. Major and minor unconformities present in the 
Niue section are indicated by thick and thin lines, respectively.
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(2) Notably lower accretion rates over the Pliocene interval (28.4 to 19.0 m/Ma), coupled with the 
presence there of well-developed and extensive dissolution unconformities, resulted in 
substantial truncations of the contemporaneous GPTS magnetic polarity chrons (Fig. 3.28).
(3) A mid-course "reversal" to a rapid accretion rate (114.5 m/Ma), combined with evidence of 
multiple brief episodes of subaerial erosion (Fig. 3.28), suggest that an anomalous unique event 
occurred in the late Messinian (Aharon et al., 1993).
Because Niue is a carbonate platform built on an extinct seamount (Hill, 1983), its growth 
history is likely to follow the evolutionary stages of a coral atoll as theorized by Darwin (1842). 
Under this scenario we suggest that cessation of volcanic activity in the middle Miocene, followed 
by fast subsidence due to rapid cooling of the volcano and the underlying oceanic lithosphere 
(Crough, 1978; Detrick and Crough, 1978), are the primary controlling factors of the documented 
high accretion rates during the Tortonian. As the residual heat progressively diminished, the 
subsidence rates also decreased with slower rates of crustal contraction. The documented 
general trend of declining accretion rates from the Tortonian (62.1 m/Ma) through the Piacenzian 
(19.0 m/Ma) is therefore consistent with the predicted decreasing rates of crustal cooling around 
extinct seamounts (Crough, 1978; Detrick and Crough, 1978). In addition to crustal tectonics, net 
accretion rates are also likely to reflect eustatic fluctuations. This is because sea level rises tend to 
increase the accommodation space available for new carbonate sedimentation, whereas sea level 
falls exceeding the subsidence rate subaerially expose the carbonate platform, causing loss of 
section by erosion and karstification. According to the global eustatic record of Haq et al. (1988), 
the Tortonian was a time of high sea levels, whereas the Pliocene had a number of high amplitude 
(> 100 m) sea level falls. This interpretation is supported by the documented distribution of 
unconformities in the section at Niue, showing a conspicuous absence in the Tortonian and up to 
five in the Pliocene where loss of section by subaeriai erosion decreased net accretion rates. The 
overall trend of decreasing accretion rates in the study section, explained by the coupled effect of 
thermal contraction of the oceanic lithosphere and superposition of sea level fluctuations, confirm 
the trends established on the carbonate platforms of Mururoa (ATssaoui and Kirschvink, 1991)
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and Enewetak (Lincoln and Schlanger, 1991). However, unlike those platforms which are still 
subsiding and where vertical accretion is still active, deposition at Niue ceased close to the Plio- 
Pleistocene boundary as evidenced by the absence of Pleistocene-age sediments (Fig. 3.28). 
The demise of the Niuean carbonate platform is attributed to a reversal from subsidence to uplift 
caused by the plate overiding of the Tonga trench rim (Dubois et al., 1975).
The switch-over to a fast accretion mode during the late Miocene (Fig. 3.28) constitutes an 
unusual event which has no counterpart elsewhere and whose cause is unclear. The observed 
anomaly may be attributed to either one of the following two mechanisms: (1) lithospheric flexure 
caused by crustal loading of newly formed seamounts at the periphery of Niue (McNutt and 
Menard, 1978), and/or (2) a non-eruptive, endogenic heating event during the late Messinian. 
Niue is located within a radius of 50 to 150 km to a cluster of six seamounts (Mammerickx et al., 
1973; 1974) whose eruptive loading on the oceanic crust may have caused temporarily 
accelerated subsidence within the "moat" (McNutt and Menard, 1978). However, the eruptive 
phase of the neighbouring seamounts remains undated and therefore we cannot confirm a late 
Miocene event. Alternatively, a non-eruptive, endogenic, heating event followed by cooling may 
have caused rapid subsidence more akin to a younger seamount (Crough, 1978). At present we 
cannot single out either one of the two mechanisms above but we note that the presence of 
thermally mature kerogen at depths below 250 m (Gregory personal comm. 1990; Whitehead et 
al., 1990), tends to support the inference of a post-Tortonian heating event. Regardless of the 
exact factor which contributed to the acccelerated subsidence rate, the observed fast deposition 
has promoted the preservation of a high resolution record of high frequency, low amplitude, sea 
level fluctuations in the late Messinian which are contemporaneous with the Messinian salinity 
crisis events in the Mediterranean (Aharon et al., 1993).
3.6.7 Effects of Carbonate Diagenesis on the Paleomagnetic Record
Although previous studies (McNeill et al., 1988; McNeill and Kirschvink, 1993; ATssaoui et al., 
1990; ATssaoui and Kirschvink, 1991) have suggested that polarity data from carbonate platforms 
preserve the imprint of depositional magnetization, diagenetic processes common to carbonates
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(e.g., meteoric diagenesis and/or dolomitization) pose the threat of complicating the interpretation 
of magnetostratigraphic data because of the relative ease with which secondary magnetization 
could overprint weak and/or unstable primary magnetization. The carbonate platform at Niue offers 
the opportunity to test the potential effects of diagenesis on the primary magnetizations on 
account of (i) the simplicity of its depositional system in a mid-oceanic setting where multiple 
episodes of meteoric diagenesis related to sea-level falls are well documented (Fig. 2.6); (ii) 
occurrence of discrete episodes of dolomitization (e.g., upper and lower dolomite units separated 
by a limestone unit, Fig. 3.18); (iii) availability of independent control points to validate the 
succession of polarity intervals, and (iv) geochemical records consisting of stable oxygen and 
carbon isotopes which uniquely identify the nature and extent of diagenesis (Aharon et al., 1993; 
Wheeler and Aharon, 1994; 1995)
A 12 m-thick meteoric diagenesis zone immediately underlying the dissolution unconformity 
at 93.5 m (shaded pattern in Figs. 3.23 and 3.24, expanded in Fig. 3.29) provides an exceptional 
case of possible magnetic overprinting. According to the Sr isotope data the limestone interval is 
of upper Messinian age (Fig. 3.28) and the unconformity at the top represents the 
Miocene/Pliocene boundary (Aharon et al., 1993). Under these circumstances the reversed 
polarity of chron 3r is expected throughout the 12 m, but the inclinations derived from 
contemporaneous samples in cores OH4, DH5 and DH7 yield anomalous mixed polarities (Fig.
3.29). The simplest explanation of the above observations is selective overprinting of the 
"primary" reversed polarity by a "secondary” normal polarity. Concurrence of the mixed polarity 
interval depicted in Figure 3.29A with an episode of intense meteoric diagenesis manifested by 
strongly negative S'eO and 5,3C excursions (Fig. 3.29B and C) suggests that polarity overprinting 
may be related to secondary magnetization caused by intense meteoric diagenesis during a 
prolonged subaerial exposure event. "False" polarities are normally difficult to recognize in 
paleomagnetic records, particularly in cases where the primary and secondary magnetizations 
occurred during identical geomagnetic polarity fields separated in time. Although our 
documentation of one anomalous case of polarity overprint seems fortuitous, it does raise the
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Figure 3.29 Concurrence of a mixed polarity interval A) near the top of chron 3r (crosses, filled circles and triangles are from 
cores DH4, DH5 and DH7, respectively) with the zone of intense meteoric diagenesis and negative 5180  B) and S'3C C) excursions. 
These data suggest that primary magnetization may have been partially overprinted during subsequent meteoric diagenesis 
caused by a prolonged episode of subaerial exposure at the close of the Messinian interval.
possibility of complications related to selective meteoric diagenesis and compels evaluation of 
magnetostratigraphic records with extreme caution.
Two useful tests shed light on the question whether dolomitization has altered the primary 
magnetization. The first test addresses the question of whether a relationship can be discerned 
between the intensity of dolomitization and the degree of magnetic alteration. The unambiguous 
reversed and normal polarity succession measured over the 246-303 m interval where dolomite 
content varies from 5mole% to 100mole% (Fig. 3.30) suggests that contrasting polarities 
expected from primary magnetizations (chron 4r and subchron 4n.2n) were unaffected by 
extreme variations in the proportion of dolomite and limestone.
The second test consists of a comparison between dolomites and limestones in NRM/SIRM 
domain (Fig. 3.31). Previous findings (e.g., Hart and Fuller, 1988; Fuller et al., 1988) indicate that 
rocks containing secondary magnetization have typically higher NRM/SIRM ratios than rocks with 
only primary magnetization. Our data in Figure 3.31 indicate that (i) NRM/SIRM ratios of Niue 
limestones and dolomites are similar and cluster between the 10'2 and 10'' ratio lines, and (ii) the 
dolomites yield ratios which are slightly lower than those of the limestones. These results are 
consistent with the suggestion that the limestones and dolomites, regardless of their distinct 
diagenetic pathways, went through the same process of remanence acquisition. On the basis of 
the two tests above, we conclude that dolomitization is unlikely to have altered the primary polarity 
of the samples thus confirming the results derived from the Tertiary dolomites of the Bahamas 
platform (McNeill and Kirschvink, 1993).
The reason why dolomites tend to preserve the primary magnetization signal is not obvious. 
Among the possibilities listed by McNeill et al. (1988), the most compelling ones are (i) early 
dolomitization may serve as a sealing agent preventing further chemical alteration which might 
lead to remagnetization, and (ii) dolomites tend to stabilize the matrix bearing the primary 
magnetization which consequently helps to protect the original polarity.
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Dolomite %
Figure 3.30 Polarity records of core DH4 samples containing highly variable dolomite 
contents in the lower dolomite unit (Fig. 3.17). Well-defined primary reversed polarity 
(chron 4r at 272-303 m) succeeded by normal polarity (subchron 4n.2n at 246-271.5 m) 
depicted in these two intervals (cf. Fig. 3.24) suggest that dolomitization was not 
associated with secondary magnetization and therefore did not affect the primary polarity 
records.
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1
SIRM (mA/m)
Figure 3.31 Comparison of NRM/SIRM plots from core DH4 samples. The vertical and 
horizontal axes represent relict NRM and relict saturation IRM, respectively, acquired in 
the process of stepwise AF demagnetization. Numbers labeled along the curves are field 
strengths of AF demagnetization in units of millitesla. Dolomites in the upper dolomite unit 
at 46 m depth and in the lower dolomite unit at 218 m depth are represented by filled 
triangles and squares, respectively. Limestones of the middle limestone unit at 140 m and 
154 m are represented by empty triangles and circles, respectively. The limestone at 154 
m has undergone meteoric leaching and cementation whereas the limestone at 140 m 
has undergone only marine diagenesis (Wheeler and Aharon, 1995). NRM to SIRM ratios 
for the different samples clustering near the 10-2 ratio line suggest that limestone and 
dolomite samples have acquired remanence under identical conditions.
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3.7 Composite Stratigraphy and Depositional Ages
The various stratigraphic tools discussed above together reveal that the upper 340 m of the 
Mutalau Platform extends from the lower part of chron 4r.2r (8.6 Ma, middle Tortonian) into chron 
1 r (1.7 Ma, early Calabrian) (Figs. 3.18, 3.32, 3.33). The stage intervals show some thickness 
variations across the interior where the core coverage permits some resolution. The Messinian 
section thins slightly into the basin from 116 m at DH4 to 100 m at DH5 and is perhaps 110 m thick 
at DH7. The Zanclean section partially compensates, thickening from 37 m in DH4 to 49 m in DH5. 
The Piacenzian is 39 m thick at DH4 and more than 37 m thick at PB2. The Calabrian is over 8 and 
7 m thick at DH4 and PB2, respectively, thins out westward near the Fonuakuia well and reappears 
on the platform margin at Amanau. The latter morphology hints that the western reef margin lay 
near the Fonuakuia well during the late Piacenzian, then stepped downslope during the latest 
Piacenzian-early Calabrian, perhaps forming a fringing reef complex similar to the Alofi Terrace.
The terrace at 55 m could be the constructional top of the Amanau marginal development, or an 
erosional feature. The presence of Calabrian-age sediments in the lagoon indicates that 
communication with the ocean was not broken. This is supported by the presence of the relict 
deep-water passage east of Alofi (Fig. 3.1) whose base presently lies at 42 m elev., 13 m below 
the 55 m terrace and 7 m above the present basin.
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CHAPTER 4. DEPOSITIONAL FACIES
4.1 Introduction
The purpose of this chapter is to describe on the basis of cores, quarries, outcrops, and 
previous studies the carbonate sediments that compose the Mutalau Platform and to make some 
inferences concerning the platform’s development since the early Tortonian. This is the first 
detailed sedimentologic study of Niue. Much of what is presented here necessarily concerns the 
platform interior due to the placement of the available cores (Fig. 3.1) and because field time to 
examine outcrops and quarries was limited.
4.2 Previous Work
The earliest observations on the sedimentology of Niue Island were made by Cook (1777) 
and Forster (1777) during the HMS Resolution's 1771-1775 circumnavigation. Cook (1777) 
noted that the coastal rocks consist of lithified corals and speculated on how they had come to be 
uplifted. Forster (1777) reported that fringing reefs front the modern shore, above which rise 12 
m-high sea cliffs that contain in situ branching corals. Forster (1777) also speculated that Niue had 
a central plain representing a former lagoon, although the Resolutions landing parties never 
penetrated beyond the Alofi Terrace. Darwin (1842) concluded from these observations that Niue 
Island is an uplifted former atoll. Goodenough (1879) later confirmed the presence of a central 
basin.
Agassiz (1903) described four terraces on Niue's coast at 1.5-1.8 m, 9-15 m, 23-30 m, and 60- 
70 m elev. He reported that the second terrace consists of reef rock and that the third (the Alofi 
Terrace) is fossil-rich. He implied a Tertiary age for the fourth terrace and its interior (the Mutalau 
Platform) on the basis of a fossil collection given to him by the island’s Anglican minister, the Rev. 
F. E. Lawes.
David (1904) recognized the three terraces at 6 m, 24-27 m, and 60 m elev., and mentioned 
another at 40 m elev. The terrace at 60 m elev. (Mutalau Platform) he described as a heavily 
weathered, altered coral reef that encloses a plain which was probably an atoll lagoon. The terrace
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at 40 m elev. he placed at a subtle change in slope. He described the terrace at 24-27 m elev.
(Alofi Terrace) as a younger coral reef featuring large reef-forming corals and the terrace at 6 m 
elev. as the youngest fossil coral reef. David surmised from these evidence that Niue is a raised 
atoll. Skeats (1903) concluded from a limited petrographic examination of platform margin samples 
collected by David that the terraces are reef rock consisting of corals, coralline red algae,
Halimeda, the benthic forams Carpentaria and Orbitolites, alcyonarians, echinoids, and pellets that 
are cemented by fibrous aragonite and calcite and by a later-stage mosaic of calcite.
Schofield (1959) named and differentiated the Mutalau Atoll and the Alofi Terrace. He 
reported that the outer slopes of the Mutalau Atoll are massive, cemented, fine to coarse reef rock 
that is generally coral-poor, and that the Alofi Terrace is composed of similar reef rock. He found 
the former Mutalau lagoon to be floored by commonly cemented calcarenites bearing a subtidal 
lagoonal, moliusk-rich fauna of Plio-Pleistocene age (Fleming, in Schofield 1959). Schofield 
(1959,1967b) identified seven terraces at -37 to -33 m, -15 to -11 m, 12-14 m, 23 m (Alofi 
Terrace) 35-40 m, 55 m, and 69 m elev. (Mutalau Platform).
Schofield and Nelson (1978) described the lagoonal margin of the Mutalau reef at the 
Fonuakuia well (Fig. 3.1) as consisting of coral-foram-algal grainstones, packstones, and 
boundstones. The dominant grains are foraminifera (Amphistegina, Marginopora, Calcarina, 
Homotrema, miliolids) and calcareous algae (Lithothamnium, Lithophyllum, Halimeda), whereas 
corals, mollusks, and echinoderms are common to locally abundant. The distribution of the 
sediment types within the well was not shown.
Paulay (1988) classified and inferred habitats of fossil bivalves and corals from 23 outcrops 
and quarries on the Mutalau Platform and the Alofi Terrace. Paulay (1996) expanded his work on 
the fossil bivalves to include an additional 17 outcrops and quarries. Paulay (1988) reported that 
the fossil communities clearly indicate that the Mutalau Platform was a coral atoll during the Plio- 
Pleistocene. The megascopic fossil lagoonal fauna are dominated by bivalves, whereas 
gastropods, scleractinian corals, and echinoids are locally abundant (Paulay 1988). Fossil coral 
patch reefs are abundant around the lagoonal margin (Paulay and Spencer 1992). The diverse
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fossil fauna in the Mutalau basin outcrops indicates that circulation between the former lagoon and 
the ocean was excellent (Paulay 1988; Paulay and Spencer 1992).
The Alofi Terrace has been reported to consist of a recrystallized core overlain near its 
seaward margin by a younger, 6 m-thick veneer (David 1904) of reefs and reef sands dating from 
the last interglacial, i.e. 125 Ka (Paulay 1988; Paulay and Spencer 1992; Spencer and Paulay 
1994). However, uranium/thorium dating indicates that at least parts of the Alofi Terrace date to 
230-260 Ka (Nunn, personal comm. 1999). The fossil mollusk and coral fauna indicate that there 
have been no major ecological changes on Niue's fringing reefs since the Pleistocene (Paulay 
1988; Paulay and Spencer 1992). Paulay and Spencer (1992) reported that the Alofi Terrace is 
fronted by beach deposits and surf bench erosional features generated by a subsequent 6+ m 
high sea stand.
4.3 Lithofacies Description and Interpretation
4.3.1 Methods
Samples were taken from cores PB1, DH4, and DH5 at 1 m intervals, whereas those from core 
PB2 and DH7 were taken at 0.5 m intervals. Samples were also collected from two measured 
sections in the platform margin quarry at Amanau and from 12 quarries in the platform interior (Fig.
3.1) to represent the observed lithologic features and changes. The samples were studied in 
hand specimen and thin section (n=212) using standard petrographic procedures.
4.3.2 Lithofacies Descriptions
Eight lithofacies were recognized in the Mio-Pleistocene section of the Mutalau Platform on 
the basis of depositional textures and grain composition. The following is a summary of the 
lithofacies characteristics, distribution, and environmental interpretations. Figures 4.1-4.6 show 
the distribution of the lithofacies in the Amanau quarry and the five cores.
Lithofacies 1: coralgal boundstone
The most conspicuous components of this lithofacies are branching and massive corals (Figs. 
4.7A, 4.7B), some apparently in situ and others clearly displaced. The corals are encrusted by 
coralline red algae and benthic foraminifera (Figs. 4.7A, 4.7B). The interstices are filled by poorly
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Figure 4.1 Lithofacies and depositional facies in the Amanau quarry (outcrop A in
3.1). Ages are apparent depositional ages from 87Sr/86Sr ratios (Appendix C).
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Figure 4.2 Lithofacies and depositional facies in the PB1 well (core hole 1 in Fig. 3.1). Ages are 
inferred by correlation with the adjacent DH4 well.
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Figure 4.3 Lithofacies and depositional facies in the DH4 well (core hole 4 in Fia 3 1) See 
Fig. 4.2 for the legend.
102


















, ‘ . V . .• . '■
v *.v v v
mnnnrn̂ - ■€
?. •*. r  •?. ?.
j
5  Q. 03 .0
ffl aj
IS >
0) <0 > <D 
CO «s
103























i i ii i







|  |  I s lt  5 a. o>̂ 3
Depositional Facies
and Sequences
ffl aj “  > 
5  a
m (0 
>  ®  flj «
5
Figure 4.4 Lithofacies and depositional facies in the DH5 well (core hole 5 in Fig. 3.1). 
See Fig. 4.2 for the legend. A Piacenzian age for most of the section above -16 m is 
inferred based on correlation with the DH4 well.
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Figure 4.5 Lithofacies and depositional facies in the DH7 well (core hole 7 in Fig. 3.1). 
See Fig. 4.2 for the legend. Age of the section overlying the Messinian interval is inferred 
based on correlation with the DH4 and DH5 wells.
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Figure 4.6 Lithofacies and depositional facies in the PB2 well (core hole 2 in Fig. 3.1).
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Figure 4.7 Lithofacies 1: Coralgal boundstone. A) Outcrop photograph of massive 
Pontes? (c) alternating with thick encrustations of coralline red algae (a). Leeward platform 
margin, reef core/proximal fore-reef. Coin diameter is 3.2 cm. (Amanau quarry, southwest 
face, 25 m elev.) B) Branching or platy coral (c) encrusted by coralline red algae (a), infilled 
with skeletal grainstone (s), and overlain by Halimeda-rich skeletal grainstone (h). The 
sediment is well-lithified by early marine cement. Leeward platform margin, reef 
core/proximal fore-reef. Aragonite-rich limestone. (Amanau quarry, section 3,25.6 m 
elev.)
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sorted, medium to very coarse-grained grainstones and packstones composed of Halimeda, 
benthic foraminifera, digitate and encrusting red algae, and echinoids (Figs. 4.7B, 4.8A). Bivalves 
and gastropods are common where the lithofacies occurs in the platform interior. At the platform 
margin, the lithofacies is extensively cemented by fibrous and bladed CaC03 which can alternate 
with fossiliferous internal sediments (Fig. 4.8A), indicating synsedimentary cementation. In 
contrast, the lithofacies is poorly lithified in the platform interior. Bedding is usually not evident, 
although the lithofacies does form faint, thick, seaward-dipping beds along portions of the 
platform margin (Fig. 3.12).
Lithofacies 1 occurs predominantly on the platform margin, such as at the Amanau quarry (Fig.
4.1) on Niue’s west coast and in a roadcut east of Liku on the east coast (Fig. 3.1, east of water 
well 11). The coral and encrusting red algal-rich skeletal composition, extensive early marine 
cementation, seaward-dipping beds, and location at the platform margin indicate that Lithofacies 1 
represents the reef core and upper fore-reef of the platform margin reefs.
In the interior, the lithofacies occurs in the Plio-Pleistocene section as Por/tes-dominated, 
bivalve and gastropod-rich, coral patch reefs (< 4 m diameter) at outcrops P1, P3, P4, P7, P11, 
P12, P20, P38, P39, and LSU2 (Fig. 3.1) and in core PB1 at 14.5 m elev. (Figs. 4.2, 4.8B). 
Previous studies (Paulay 1988; Paulay and Spencer 1992) have noted that the patch reefs are 
most common around the margins of the Mutalau basin. The lithofacies is also present in the 
Miocene section in cores DH4, DH5, and DH7 (Figs. 4.3-4.5), although it is commonly unclear 
whether the horizons are boundstones from the patch reefs themselves, or only coral-rich 
floatstones (Lithofacies 3) from the associated debris field.
Lithofacies 2: coralgal-benthic foraminiferal grainstone/packstone with coral 
heads
This lithofacies is similar in composition to the coralgal boundstone lithofacies in that it 
consists of branching and massive corals encrusted by coralline red algae and benthic foraminifera 
in a matrix of poorly sorted, medium to very coarse-grained grainstones and packstones 
composed of Halimeda, benthic foraminifera, coralline red algae, and echinoids (Fig. 4.9A). 
Lithofacies 2 is distinguished from Lithofacies 1 in that the coral heads are too far apart to
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Figure 4.8 Lithofacies 1: Coralgal boundstone. A) Photomicrograph of coralgal bindstone composed of a coral (c) overlain by an encrusting 
foraminifer (f) and coralline red algae (a). Skeletal packstone overlies the algae. Leeward platform margin, reef core/proximal fore-reef. Aragonite- 
rich limestone. 250 pm scale bar. (Amanau quarry, section 3,27.1 m elev., plane light) B) Coralgal bindstone composed of corals (c) encrusted 
by coralline red algae (a) with infillings of skeletal packstone (s). Lagoonal patch reef. Dolomite. (Core PB1,14.7 m elev.)
Figure 4.9 Lithofacies 2: Coralgal-benthic foraminiferal grainstone/packstone with coral 
heads. A) Foraminiferal and skeletal grainstone with coral fragments (c). Reef flat. Aragonite- 
rich limestone. (Amanau quarry, section 4,41.1 m elev.) B) Photomicrograph of skeletal 
grainstone composed of foraminiera (f), coralline red algae (a), Halimeda (h), and other skeletal 
debris. Reef flat. Aragonite and HMC-rich limestone. 250 pm scale bar. (Amanau quarry, station
11,26.2 m elev., plane light, stained for CaC03)
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constitute a framework. The lithofacies is usually extensively cemented by fibrous and bladed 
CaC03 (Fig. 4.9B). Where bedding is evident, it is faint, thick, and seaward-dipping (Fig. 3.12).
Lithofacies 2 was observed in the Amanau quarry, where it constitutes the uppermost 7 m of 
the section as well as a 2 m-thick interbed at 34-36 m elev. within the Lithofacies 1 interval (Fig.
4.1). Based on its association with the platform margin and the absence of a coral framework, the 
lithofacies probably represents coral rubbly sands deposited on the upper fore-reef and reef flat 
between areas of active coral growth, or on the proximal backreef.
Lithofacies 3: coralgal floatstone
This lithofacies is characterized by fragments of branching and massive corals, often 
encrusted by coralline red algae or the benthic foraminifer, Homotrema, in a matrix of poorly 
sorted, fine to coarse-grained grainstone to wackestone (Fig. 4.1 OA and B). Besides coralgal 
debris, the grains include bivalves, benthic foraminifera, gastropods, echinoids, and bryozoans. 
Bedding is generally lacking. Early cementation is absent (Fig. 4.1 OB) or is limited to a thin 
circumgranular rind of bladed CaC03.
Lithofacies 3 is common within the platform interior, particularly in the Tortonian section of 
core DH4 (Fig. 4.3) and the Messinian section of core DH7 (Fig. 4.5). It is inferred to represent 
subtidal lagoonai deposits of debris shed from nearby coral patch reefs. At some horizons, the 
corals are so common (Fig. 4.10A) that a patch reef itself may have been cored. The water 
salinities were normal marine, as indicated by the presence of the corals (James and Macintyre,
1985).
Lithofacies 4: benthic foraminiferal-red algal-mollusk grainstone
This lithofacies is composed of poorly to well-sorted, generally fine to medium-grained 
grainstones dominated by benthic foraminifera (chiefly Amphistegina, Marginopera, Sorites, 
Homotrema, miliolids), encrusting/digitate/articulated red algae, bivalves, gastropods, and 
echinoids (Figs. 4.11, 4.12). Peloids and aggregate grains are locally common in the Piacenzian 
section. The predominant lack of bedding (Fig. 4.11 A) is probably due to extensive bioturbation, 
based on the burrowing evident at some horizons (Figs. 4.2-4.6, 4.12A). Localized 1 to 2 cm-thick
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Figure 4.10 Lithofacies 3: Coralgal floatstone. A) Branching corals (c) encrusted by coralline red algae (a) in a matrix of skeletal packstone (s). 
Lagoonal patch reef or its debris field. Dolomitic limestone. (Core DH4, -249.8 m elev.) B) Photomicrograph of a mold of a coral fragment (m) 
encrusted by Homotrema (h) and surrounded by skeletal wackestone. Lagoonal patch reef or its debris field. LMC limestone. 250 pm scale bar. 


















Figure 4.11 Lithofacies 4: Benthic foraminiferal-red algal-mollusk grainstone. A) Well-sorted, coarse-grained skeletal grainstone dominated 
by benthic foraminifera and digitate coralline red algae. Well-lithified by early marine cement. Lagoonal beach. Aragonite-rich limestone. (Core 
DH4,24.2 m elev.) B) Photomicrograph of moderately-sorted, medium-grained skeletal grainstone dominated by benthic foraminifera, including 
Amphistegina (a), soritids (s), miliolids (m). The grains are bound by an isopachous lamina of fibrous aragonite cement (f) and pore-filling equant 


















Figure 4.12 Lithofacies 4: Benthic foraminiferai-red algal-mollusk grainstone. A) Well-sorted, medium-grained grainstone dominated by 
benthic foraminifera and coral sand. The mottling suggests that the sediment was burrowed. Well-lithified by eariy marine cement. Lagoonal 
sand shoal. Aragonite-rich limestone. (Core PB1,23.7 m elev.) B) Photomicrograph of moderately-sorted, fipe-grained skeletal grainstone. 
Many of the identifiable grains are broken benthic foraminifera. Cementation is minimal. Lagoonal sand shoal. Limestone. 250 pm scale bar. 
(Core DH7, -53.9 m elev., plane light)
beds of faint inclined or horizontal laminae, especially in the Pliocene sections of cores PB1 and 
DH4 (Figs. 4.2,4.3), could be indicative of shoreface settings. Associated with the laminae are 
possible keystone vugs (Figs. 4.2, 4.3,4.6) which are produced by the degassing of carbonate 
sands in the high intertidal zone (Emery 1945). Early cementation is usually absent (Fig. 4.12B), 
but ranges from a thin circumgranular rind of bladed CaC03 to near-complete plugging of primary 
porosity by isopachous fibrous CaC03 (Figs. 4.11B).
Lithofacies 4 is a major component of the Plio-Pleistocene section in the platform interior in 
both the cores (Figs. 4.2-4.4, 4.6) and the outcrops. It is much less common in the Tortonian and 
Messinian sections (Figs. 4.3-4.5) except in the lower Messinian interval of core DH7 (Fig. 4.5). 
Lithofacies 4’s distribution indicates that it represents lagoonal deposition, whereas the 
winnowed, sorted textures and the presence of the sedimentary structures described above 
indicates that it was deposited under agitated, shallow subtidal to shoreface conditions. The 
abundance and type of the skeletal grains present indicate normal marine to slightly elevated 
salinities (James and Macintyre, 1985).
Lithofacies 5: benthic foraminiferal-red algal-mollusk packstone
This lithofacies is compositionally similar to the grainstone lithofacies except for having a 
higher micrite content (Figs. 4.13,4.14). Peloids and aggregate grains are locally common in the 
Piacenzian section. Bedding is not apparent (Fig. 4.13A), probably due to bioturbation (Fig.
4.14A). Early cementation is absent or is limited to a thin circumgranular rind of bladed CaC03 on 
grain exteriors or as a filling in skeletal interiors (Figs. 4.13B, 4.14B). Lithofacies 5 is a major 
component of the platform interior throughout the Tortonian-Pleistocene section (Figs. 4.2-4.6). 
It is inferred to represent lagoonal deposition under less energetic subtidal conditions with normal 
marine to slightly elevated salinities.
Lithofacies 6: benthic foraminiferal-red algal-mollusk wackestone and mudstone
The beds of this lithofacies are characterized by poorly to moderately-sorted, fine to medium- 
grained wackestones and mudstones composed of benthic foraminifera, encrusting and digitate 
red algae, bivalves, gastropods, and echinoids (Figs. 4.15,4.16). Peloids and aggregate grains
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Figure 4.13 Lithofacies 5: Benthic foraminiferal-red algal-mollusk packstone. A) Fine-grained, foraminifera-rich skeletal packstone with 
scattered fragments of mollusks. Sandy lagoon. Limestone. (Core DH7, -83.9 m elev.) B) Photomicrograph of poorly-sorted, fine-grained 
skeletal packstone. Most of the identifiable grains are benthic foraminifera and mollusks. Sandy lagoon. Limestone. 250 pm scale bar. (Core 
DH7, -70.9 m elev., plane light)
Figure 4.14 Lithofacies 5: Benthic foraminiferal-red algal-mollusk packstone. A) Fine to medium-grained, foraminifera-rich skeletal packstone 
with scattered fragments of mollusks. The mottling, variable micrite matrix/grain proportions, and porous, coarser-grained pockets suggest that 
the sample has been burrowed. Sandy lagoon. Dolomite. (Core DH4, -1.8 m elev.) B) Photomicrograph of fine-grained, micrite-rich skeletal 
packstone consisting of benthic foraminifera, including Amphistegina (a), soritids (s), and miliolids (m), as well as finely broken skeletal debris. 



















Figure 4.15 Lithofacies 6: Benthic foraminiferal-red algal-mollusk wackestone and mudstone. A) Fine-grained skeletal wackestone with 
scattered bivalves overlying an macroclast-rich interval bearing coral (c) and mollusk debris. Muddy lagoon. Dolomite. (Core DH4, -19.8 m elev.) 
B) Photomicrograph of fine to medium-grained skeletal wackestone consisting of benthic foraminifera and moldic skeletal debris. Muddy 

















Figure 4.16 Lithofacies 6: Benthic foraminiferal-red algal-mollusk wackestone and mudstone. A) Very fine-grained skeletal wackestone with 
scattered fragments of bivalves. Muddy lagoon. Most of the sample is dolomite, although scalenohedral calcite cement (c) fills the larger pores 
and is surrounded by white haloes of dedolomitized sediment (d). (Core PB2, -1.0 m elev.) B) Photomicrograph of skeletal and peloidal 
wackstone. Equant calcite fills the mold (m) and the surroundind sediment has been dedolomitized (d). Muddy lagoon. Dolomite. 250 pm scale 
bar. (Core PB2, -1.0 m elev., plain light)
are locally common in the Piacenzian section. A lack of sedimentary structures predominates 
(Figs. 4.15A, 4.16A), probably due to extensive bioturbation. Early cementation is absent or 
limited to bladed CaC03 fillings of intraskeletal pores (Fig. 4.15B). Lithofacies 6 is a scattered, 
minor constituent of the platform interior throughout the Tortonian-Pleistocene section. It is 
inferred to represent lagoonal deposition in protected and/or deeper subtidal conditions with 
normal marine to slightly elevated salinities.
Lithofacies 7: mollusk floatstone
This lithofacies is composed of generally disarticulated, unbroken to coarsely broken bivalves 
and gastropods in a matrix of fine to medium-grained skeletal (benthic foraminifera, red algae, 
echinoid) grainstone to wackestone (Fig. 4.17). The predominant texture is packstone. Sorting is 
poor and bedding is not evident. Early cementation is absent or consists of a thin circumgranular 
crust of bladed CaC03. Lithofacies 7 is a widespread but minor component of the platform interior 
throughout the Tortonian-Pleistocene section (Figs. 4.2-4.6). It is inferred to represent subtidal 
lagoonal deposits of mollusks that were concentrated by preferential removal of the finer matrix by 
storm waves and currents.
Lithofacies 8: stick coral floatstone
The characteristic feature of this lithofacies is a fragile branching coral with 3-10 mm-thick 
branches (Fig. 4.18A). The coral is locally abundant enough that it may have served as a sediment 
baffle. The corals occur in fine to medium-grained skeletal grainstones and packstones composed 
of benthic foraminifera, red algae, bivalves, gastropods, and echinoids (Figs. 4.18A, 4.18 B). No 
bedding was observed. Early cementation consists at most of a thin circumgranular crust of bladed 
CaC03. Lithofacies 8 is limited to the platform interior as isolated 1 m-thick beds in the Messinian 
section of core DH7 (Fig. 4.5) and the Pliocene section of cores PB1, DH4, and PB2 (Figs. 4.2, 
4.3, 4.6). It is inferred to represent subtidal lagoonal deposits that were concentrated by storm 
action.
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Figure 4.17 Lithofacies 7: Mollusk floatstone. A) Bivalve (b), gastropod (g), and coral (c) debris in a matrix of very fine-grained skeletal 
packstone. Most of the bivalves are disarticulated. Sandy lagoon. The absence of aragonite in the sample (Appendix B) suggests that the 
unleached bivalves (u) are calcitic. Dolomitic limestone. (Core DH4, -176.8 m elev.) B) Photomicrograph of moldic bivalves (b) in a matrix of 



















Figure 4.18 Lithofacies 8: Stick coral floatstone. A) Molds of thin branching corals (c) and bivalves (b) in a matrix of fine-grained skeletal 
wackestone. Sandy lagoon. Dolomite. (Core DH4, -13.8 m elev.) B) Photomicrograph of a mold of the branching coral (m), formerly encrusted 
by Homotrema, in a matrix of very fine to fine-grained skeletal packstone. Sandy lagoon. Dolomite. 250 pm scale bar. (Core PB1, 5.8 m elev., 
plane light)
4.3.3 Lithofacies Distribution
The observations at the Amanau quarry (Fig. 4.1) and at Liku (east of water well 11 in Fig. 3.1), 
together with earlier descriptions at Alofi (Agassiz 1903; David 1904; Skeats 1903), indicate that 
Lithofacies 1 (coralgal boundstone) and 2 (coralgal-foram grainstone/packstone with coral heads) 
dominate the crest and upper fore-reef of the Piacenzian-Pleistocene platform margin. No 
information is presently available on the lower fore-reef and slope or on the pre-Piacenzian 
platform margin.
In the platform interior, the lower Tortonian section at core DH4 consists chiefly of Lithofacies 
3 (coralgal floatstone), 5 (foram-red algal-mollusk packstone), and 6 (foram-red algal-mollusk 
wackestone) (Fig. 4.3). The abundance of coralgal material at DH4 is probably representative of 
locations near the contemporary, presumably reef-rimmed platform margin. Further toward the 
center of the lagoon, Lithofacies 5 and 6 are probably the more important.
The upper Tortonian and much of the Messinian section consists largely of Lithofacies 5 
(foram-red algal-mollusk packstone) in the southern part of the platform interior at cores DH4 and 
DH5 (Figs. 4.3, 4.4). In the northwest interior at core DH7, Lithofacies 3 (coralgal floatstone) and 4 
(foram-red algal-mollusk grainstone) are also important (Fig. 4.5). The coral debris and winnowed 
sands are probably characteristic of platform interior sites near the platform margin.
The upper Messinian through Calabrian section in all the platform interior cores consists of 
alternating beds of Lithofacies 4 and 5 (foram-red algal-mollusk grainstone and packstone), with 
numerous interbeds of Lithofacies 6 (mollusk floatstone) (Figs. 4.1 -4.6). At outcrops on the 
interior flanks of the Mutalau ridge, Lithofacies 4 is predominant, interspersed with pockets of 
Lithofacies 1, 2, and 3 representing patch reefs and their debris fields. Outcrops in the interior 
basin are usually composed of Lithofacies 5 and 6.
4.4 Depositional Facies
The lithofacies record can be translated into seven depositional facies whose distributions in 
the cores and outcrops are shown in the right-hand columns of Figures 4.1-4.6.
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Depositional Facies 1: reef core/proximal fore-reef
This depositional facies consists of massive and seaward-dipping beds of Lithofacies 1 
(coralgal boundstone) that often contain irregular pockets of Lithofacies 2 (coralgal-foram 
grainstone/packstone with coral heads) (Fig. 4.1). The abundance of massive, thick-brached, and 
encrusting corals, encrustation by coralline red algae and foraminifera, early lithification by marine 
cements, placement on the platform margin, and the massive beds and seaward-dipping beds 
clearly indicate that these deposits represent the platform’s reef front. The depositional facies is 
limited to and characteristic of the platform margin.
Depositional Facies 2: reef flat/proximal backreef
Thick, horizontal or seaward-dipping beds of Lithofacies 2 (coralgal-foram 
grainstone/packstone with coral heads) that overlap Depositional Facies 1 (reef core/proximal 
fore-reef) beds at the platform margin (Figs. 3.12,4.1) are inferred to represent reef flat or proximal 
backreef sands. The facies was observed only at the platform margin in the Amanau quarry (Fig.
4.1).
Depositional Facies 3: beach
Potential beach or shoreface deposits were recognized in the Niue sediments as Lithofacies 
3 (foram-red algal-mollusk grainstone) beds that contain keystone vugs and/or circumgranular 
fibrous CaC03 cements that are suggestive of beachrock cementation (see section 5.4.3). Beach 
facies occur in the upper Piacenzian section in cores DH4, PB1, and PB2 (Figs. 4.2, 4.3, 4.6). 
Depositional Facies 4: sand shoal
Sand shoal deposits are inferred to be represented by beds of Lithofacies 3 (benthic 
foraminiferal-red algal-mollusk grainstone) that lack evidence of emergence such as keystone 
vugs or a high degree of early cementation, as well as by well-winnowed deposits of Lithofacies 6 
(mollusk floatstone) and 7 (stick coral floatstone). The winnowed and sorted nature of these 
deposits suggests deposition in energetic, probably shoaling conditions. The sand shoal facies is 
common in the Plio-Pleistocene section in the DH4, PB1, DH5, and PB2 wells (Figs. 4.2-4.4, 4.6), 
and at outcrops on the flanks of the Mutalau basin. In the Messinian section, it is common in the
124
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
northwestern part of the platform at DH7 (Fig. 4.5), but is uncommon in the southern part at DH4 
and DH5 (Figs. 4.3, 4.4). It is generally scarce in the Tortonian section (Fig. 4.3).
Depositional Facies 5: sandy lagoon
Beds of Lithofacies 4 (benthic foraminiferal-red algal-mollusk packstone) and moderately 
winnowed Lithofacies 6 (mollusk floatstone) and 7 (stick coral floatstone) are interpreted to 
represent lagoonal deposition of sand-rich sediments. The grain-dominated but moderately 
winnowed nature of these sediments suggests deposition in only intermittently agitated, probably 
deeper subtidal and/or more protected conditions. The sandy lagoon facies is common in the 
cores throughout the Mio-Pleistocene section (Figs. 4.2-4.6) and in outcrops in the Mutalau basin 
center.
Depositional Facies 6: muddy lagoon
The muddy lagoon depositional facies is characterized by beds of Lithofacies 5 (benthic 
foraminiferal-red algal-mollusk wackestone and mudstone) and unwinnowed Lithofacies 4 
(benthic foraminiferal-red algal-mollusk packstone), 6 (mollusk floatstone), and 7 (stick coral 
floatstone) that occur within the platform interior. The micrite-dominated, unwinnowed textures 
and the lack of emergence sedimentary structures suggest deposition under quiet subtidal 
conditions below wave base and/or more protected conditions. The facies is scattered 
throughout the Mio-Pleistocene section in the cores, but is nowhere common (Figs. 4.2-4.6). 
Depositional Facies 7: patch reef
Occurrences of Lithofacies 1 (coralgal boundstone) and the more coral debris-rich beds of 
Lithofacies 3 (coralgal floatstone) at locations within the Mutalau basin are interpreted as patch 
reefs. The deposits are characterized by the presence of red algal-encrusted corals, often with 
bivalves that require a hard substrate (Taviani 1996 pers. comm.), and by limited lateral and vertical 
extent. Lithofacies 3 (coralgal floatstone) probably represents the debris fields of patch reefs not 
intersected by the cores. In the outcrops, the facies is common on the basin flanks and is less 
common in the basin center. It is scarce in the cores except in the lower Tortonian section at DH4 
(Fig. 4.3). There are numerous beds of Lithofacies 3 in the Messinian section at DH7 (Fig. 4.5),
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but because the coral debris in these deposits is not particularly abundant, they are probably too 
far removed from the sources of the debris to be classified as patch reefs themselves.
4.5 DeQOsiSidnAl rram nw orit
The platform-wide distribution of the depositional facies is shown in cross-section in Charts 1 
and 2. The reef-lagoon boundary is estimated to lie at or near the change in slope from the 
peripheral ridge to the basin flank because the reef facies tends to be thoroughly cemented and 
therefore more resistent to mechanical and chemical erosion than the less well-cemented, 
granular lagoonal facies.
Some predictions can be made regarding the distribution of sedimentary facies at Niue based 
on its present latitude and the direction of plate motion. Niue presently lies at 19°S latitude, which 
places it within the southeast Trade Wind belt (Wright and van Westemdorp 1965, Kreft 1986). As 
a consequence, the windward margin of the island is on the east and south, whereas the leeward 
margin is on the west and north, although hurricanes typically approach from the west (Kreft
1986). Niue has probably remained at a similar latitude and within the same climatic belt for the past 
10 Ma because the direction of the Pacific Plate's motion is an azimuth of 300° (Lonsdale 1988) 
and because the paleomagnetic data suggest that Niue's paleolatitude has not changed 
substantially since the Tortonian (see section 3.6). By comparison with coral atolls such as Bikini 
and Enewetak (Emery et al. 1954, James and Marshall 1985), it is probable that the platform 
margin reefs have typically been best-developed along the eastern and southern margins of the 
platform and that a shallow-water apron of sand prograded into the lagoon from these southeast 
reefs. In contrast, the barrier reef should have been less well-developed and shallow-water sand 
aprons should have been less common on the leeward, western and northern margins.
The cores and outcrops examined during this study, although limited, bear out the 
predictions concerning the distribution of the depositional facies on the Mutalau platform since 
the Tortonian. Chart 2 shows that the Tortonian interval is dominated in the southern part of the 
Mutalau basin by the patch reef and sandy lagoonal depositional facies, terminating in sand shoal 
facies near the Tortonian-Messinian boundary. The abundance of reef debris in the lower
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Tortonian could be attributed to: 1) shedding from the platform margin toward the nearby DH4- 
PB1 site, and/or 2) extensive patch reef development, which implies free ocean-platform 
circulation due to a poorly-developed barrier reef (Wheeler and Aharon 1997).
In the Messinian section, the scarcity of patch reef facies and reef debris at DH4-PB1 and DH5 
suggests that ocean-platform circulation had become inhibited by a more extensively developed 
barrier reef along the windward, southeastern platform margin, or that the reef had prograded 
away from the DH4-PB1 and DH5 sites (Chart 2). Coral debris is common at DH7 (Fig. 4.5, Chart 1), 
implying freer ocean-platform circulation across the northwestern platform margin, perhaps 
indicating that development of the barrier reef on the leeward margin lagged that on the windward 
margin (Wheeler and Aharon 1997). Alternatively, the coral debris at DH7 could reflect a location 
closer to the platform margin. In the southern part of the platform interior, the sandy lagoon facies 
predominates. At DH7, the sandy shoal facies is important in the lower Messinian, whereas the 
muddy lagoon facies is important in the upper part, suggesting that water depths in the 
northwestern lagoon may have increased with time.
In the Plio-Pleistocene interval, the sand shoal facies dominates, alternating with the sandy 
lagoon facies (Charts 1,2). The muddy lagoon facies often occurs in the middle to lower part of a 
given sandy lagoon facies interval. The abundance of the sand shoal facies points to frequent 
shoaling conditions over the platform, while the scarcity of the patch reef facies in the cores could 
be due either to poorer water exchange with the ocean, or to greater distance from the platform 
margin. The skeletal-rich grain composition of the cores and the presence of corals in the quarry 
sediments of the platform interior point to the latter interpretation. Based on the Sr isotope ages at 
the Fonuakula well and the Sr isotope and magnetostratigraphic ages at DH4-PB1 and DH5, water 
depths within the lagoon were <30m.
There is evidence in the platform interior of a series of shoaling-upward sequences in the 
Zanclean-Calabrian section and in portions of the Messinian section. The sequences are 5-15 m 
thick and are characterized by a lower interval composed of the sandy lagoon facies that is 
succeeded upsection by the sand shoal facies (Fig. 4.2-4.6, Charts 1,2). in the upper Piacenzian
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section, some sequences are capped by beach facies. The uppermost few meters of the sand 
shoal interval usually shows petrographic and geochemical evidence of extensive meteoric 
diagenesis (see Chapter 5) whose upper termination coincides with the top of the sand shoal or 
beach interval. Few shoaling-upward sequences are defined in the Messinian sections of DH4 
and DH5 due to the scarcity of the sand shoal facies, although meteoric diagenetic zones are 
present.
Shoaling-upward sequences indicate decreasing water depths over the platform during the 
course of each sequence (James 1984). The sequences could reflect sediment infilling of the 
lagoon and/or a fall in relative sea-level. Given the estimated lagoonal depth of 30 m, the 
upsection transition from muddy and poorly-winnowed sands to winnowed sands could have 
been produced by sediment infilling. However, the presence of meteoric diagenetic zones in the 
capping sand shoal facies means that most sequences were terminated by a sea-level fall and 
subaerial exposure of the lagoonal sediments. The sea-level fluctuations were probably eustatic 
because accomodation rates of the Niue platform calculated from paleomagnetic data have 
gradually decreased since the Messinian (Fig. 3.28), which is consistent with crustal cooling 
beneath a hot spot volcano and gradual subsidence rather than tectonic oscillation. Furthermore, 
the Pliocene was marked by numerous glacio-eustatic fluctuations (Shackleton et al. 1995).
In summary, the development of the Mutalau platform during the Tortonian-Calabrian was 
typical of a coral atoll. Progressive development of the barrier reef and the increasing dominance 
of shallow-water facies within the lagoon during the later part of this time period can be attributed 
to decreasing accomodation space on the platform. Cooling of the underlying volcano led to 
decreasing subsidence rates, on which was superimposed eustatic fluctuations related to ice cap 
development during the Miocene and Pliocene and glaciations during the Plio-Pleistocene.
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CHAPTER 5. CARBONATE DIAGENESIS IN THE NIUE PLATFORM 
EXCLUSIVE OF DOLOMITIZATION
5.1 Introduction
This chapter is concerned with the characteristics and interpretation of non-dolomite 
carbonate diagenesis of the Mutalau Platform as revealed by petrography, stable isotope and 
elemental geochemistry of the CaC03 fraction, and the abundance and organic fraction 8’3C 
composition of the insoluble residue. The evidence for and interpretation of dolomitization in the 
Mutalau Platform is discussed in Chapter 7.
5.2 Previous Work
Little work had been done on non-dolomite carbonate diagenesis at Niue prior to this project. 
Skeats (1903) petrographically described 8 samples collected by T. W. E. David from the platform 
margin at Alofi between 4.5 and 61 m elev. He recognized early (fibrous calcite) and later stage 
(scalenohedral and equant calcite) cementation, recrystallization of micrite to prismatic aragonite 
(probably a cement instead), calcification of skeletals, and skeletal dissolution.
Schofield and Nelson (1978) focused chiefly on the dolomitization of the Plio-Pleistocene 
portion of the Mutulau Platform, particularly in the Fonuakula well. However, they also briefly 
described: 1) the preservation of aragonitic, but not HMC mineral compositions in the upper 8 m of 
the Fonuakula well, 2) the dissolution of aragonitic bioclasts in the upper 16 m, 3) the 
circumgranular equant calcite cement in the upper 16 m, and 4) the undolomitized limestone 
between 26.5 and 32.5 m elev., which they tentatively interpreted as dedolomite.
Rodgers et al. (1982) analyzed the major (Ca, Mg, Sr) and trace (Na, K, Ba, Cu, Fe, Mn, U, Zn) 
elemental composition of 35 whole-rock samples from the Fonuakula well. With respect to the 
non-dolomitization diagenesis, they confirmed on geochemical grounds the meteoric alteration of 
the upper 16 m, particularly the lower 8 m of LMC limestone, implied by Schofield and Nelson’s 
(1978) petrographic description.
Aharon et al. (1987) analyzed the 813C and 8’80  composition of the same 35 whole-rock 
samples from the Fonuakula well, as well as of purified dolomites from 18 of the samples. They
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found that the isotopic data concur with the geochemical and petrographic evidence that meteoric 
diagenesis was limited in the upper 8 m of aragonitic limestone and has been more extensive in 
the underlying 8 m of LMC limestone.
5.3 Methods
Petrographic features were determined by standard petrographic procedures. Thin sections 
were stained with alizarin red S and potassium ferricyanide to differentiate between CaC03 and 
dolomite.
Stable carbon and oxygen isotope values of whole-rock samples (n=412) and bivalves (n=31) 
were obtained by dissolution at 50°C in 100% H3P 04 for 12 hours, purification of the C 02 by 
established techniques (McCrea 1950), and analysis on a Nuclide dual inlet gas mass- 
spectrometer. These 8,3C and 8’80  values represent the CaC03 fraction for samples with < 1 
dolomite mole%. For samples with > 16 dolomite mole%, the isotopic composition of the CaC03 
fraction was predicted using the measured isotopic compositions of the whole-rock and of the 
purified dolomite (see Chapter 7):
f(l00mole% x is o to p e ^ .^ )  -  (mole%aolOT,e x isotopedoIomrto))
isotopec>c03 = -̂--------------------------------— — ------------------------------------------- (5.1)
mole ̂ caco3
For samples with <16 dolomite mole%, the isotopic composition of the dolomite could not be 
measured directly because the calcian nature of the dolomites rendered their purification 
impractical. In such cases, the isotopic composition of the dolomite was estimated from the mean 
of adjacent purified dolomites, provided that the latter showed little variation. The isotopic 
composition of the CaC03 fraction was then predicted using the above equation. Repeated 
analyses of standards indicate an overall error (1a) including extraction and mass spectrometry of 
±0.10 and 0.15°/^ for 813C and 818Ot respectively.
Stable carbon and oxygen isotope values of paired matrix and cements (n=46 horizons) were 
obtained from 7 meteoric diagenetic zones in the DH4, DH5, and DH7 cores. A fine dental drill was 
used to produce a few mg of powder from cement-poor and cement-rich sites (“matrix" and 
“cement", respectively) on the same core piece. The powders were analyzed following the
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method of Aharon (1991) in that the powders were loaded into stainless steel boats, were 
covered with stainless steel screens, and were roasted under vacuum at 385°C for 4 hours to 
combust any organic matter. The boats were loaded into a carousel and dropped sequentially into 
a common bath of 100% H3P04 maintained at 50°C. The resulting C02 was purified online and was 
passed to a Nuclide dual inlet gas mass-spectrometer. Repeated analyses of standards indicate 
an overall error (1a) including extraction and mass spectrometry of ±0.10 and 0.15°/00 for 813C and 
51sO, respectively. Where multiple matrix and cement sites had been sampled on the same core 
piece, the 813C and 8'80  values representing the most cement-free matrix and matrix-free cement 
were selected based on the expectation that meteoric cements have lighter values than unaltered 
marine carbonate sediments (Lohmann 1988).
Elemental concentrations (Ca, Mg, Sr) of the CaC03 fraction in dolomite-poor limestones 
(< 4.5 dolomite mole%; n=148) were obtained by dissolution of 100 mg of whole-rock powder in 
10 ml of trace metal-grade 1N HCI. The solutions were vacuum-filtered through 0.45 pm pore size 
nitrocellulose filters to remove any insoluble residue, were acidified with 0.2 ml of distilled 6N HCI, 
and were diluted to 50 ml. Solution concentrations were measured with a Perkin-Elmer ICP-AES 
6500. The elemental concentrations were corrected for systematic variations with the Lafatsch 
reference limestone (Schroll 1987). Replicate analyses of the reference limestone indicate an 
error (1o) of ±1.7% for Ca, Mg, and Sr.
In the more dolomite-rich horizons, the Mg/Ca and Sr/Ca molar ratios of the CaC03 fraction 
were obtained by partial dissolution of the dolomitic limestone. For each sample, an aliquot of 
whole-rock powder was selected, allowing for the dolomite mole% known from XRD analysis, to 
ensure that 25 mg of CaC03 was present. The powder was leached in 50 ml of distilled and 
deionized water which was stirred at room temperature for 52 hours. The solution was vacuum 
filtered using a nitrocellulose filter with a 0.45pm pore size to remove the undissolved powder and 
an additional 10 ml of distilled and deionized water was passed through the filter to rinse it and the 
residue. The filter and undissolved powder were oven-dried at 40°C and were weighed to 
determine how much powder had been dissolved; an average 4.4±0.8 mg of CaC03 (n=44) was
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dissolved per sample. The solution was acidified with 0.2 ml of 6N distilled HCI. Elemental 
concentrations (Ca, Mg, Sr) of the solutions were measured with a Perkin-Elmer ICP-AES 6500 
and were corrected for systematic variations with the Lafatsch reference limestone. The 
concentrations were converted to Mg/Ca and Sr/Ca molar ratios because, due to the small, 
uncertain weight of the dissolved samples, the absolute elemental concentrations cannot be 
determined.
The leachate method was tested using artificial mixtures of a 100% low-Mg calcite limestone 
(DH4-209) and a 100% calcian (42.4 MgC03 mole%) dolomite (DH4-18), both from Niue (Table 
5.1). The measured molar ratios of the leachate solutions indicate that some dolomite is dissolved 
along with the CaC03 because the leachate molar ratios vary toward the dolomite end-member 
molar ratios as the dolomite mole% increases (Fig. 5.1). Departures from the molar ratios of the 
calcite end-member are particularly strong where more than 75 dolomite mole% is present, 
indicating that the method is inappropriate for very dolomite-rich samples. Linear regression of the 
inverse of the calcite mole% versus the leachate Mg/Ca molar ratios (Fig. 5.2A) demonstrates that 
there is a high degree of correlation between the dolomite mole% in the sample and the deviation 
of the leachate Mg/Ca molar ratio from the Mg/Ca molar ratio of the calcite end-member. The 
dolomite mole% dissolved in the leachate can be estimated based on the Mg/Ca molar ratios of 
the leachate, the calcite end-member, and the dolomite end-member (Table 5.1):
because all of the leachate Mg/Ca in excess of the calcite end-member Mg/Ca is attributable to 
dissolved dolomite. The Mg/Ca and Sr/Ca molar ratios of the calcite fraction can be predicted from 























Table 5.1 Determination of calcite fraction Mg/Ca and Sr/Ca molar ratios in artificial mixtures of a low-Mg calcite limestone and a calcian dolomite. 

















DH4-209 1 100:0 3.0881 1.2114
mixture 1 80:20 4.9133 1.1968 2.7 3.0881 1.2177
mixture 2 57:43 8.2154 1.1664 7.5 3.0881 1.2256
mixture 3 43:57 10.6328 1.1343 11.0 3.0881 1.2209
mixture 4 35:65 14.9355 1.1109 17.3 3.0881 1.2524
mixture 5 25:75 21.6641 1.1244 27.1 3.0881 1.3811
DH4-182 0:100 71.6622 0.4335
CO
1 DH4-209 is a low-Mg calcite limestone from core DH4 at -174.8 m elev.
2 DH4-18 is a calcian dolomite (42.4 MgC03 mole%; Appendix M) from core DH4 at 16.2 m elev.
3 Calculated directly from ICP measurements of the Ca, Mg, and Sr concentrations in the leachate solutions.
4 Calculated using equation 5.2.
5 Calculated using equation 5.3.
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Figure 5.1 A) Mg/Ca and B) Sr/Ca molar ratios of solutions leached from artificial 
mixtures of a pure low-Mg calcite limestone (DH4-209) and a pure calcian dolomite (DH4- 
18). The departure of the measured molar ratio from the pure calcite molar ratio is 
substantial where the mixture contains > 75 dolomite mole%, but is minor where it 
contains < 70 dolomite mole%.
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Figure 5.2 Dissolved dolomite and predicted Sr/Ca molar ratios. A) Regression 
between sample calcite mole% and leachate Mg/Ca molar ratios demonstrating that a 
proportional relationship exists between the initial dolomite mole% and partial dissolution 
of the dolomite. B) Comparison of predicted Sr/Ca molar ratios of the calcite fraction with 
the measured molar ratios of the pure end-members.
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Figure 5.2B is a comparison from the mixtures experiment of the predicted Sr/Ca molar ratios of 
the calcite fraction with the known calcite and dolomite end-member values. It indicates that the 
method works well for samples with < 75 dolomite mole%.
The leachate method was applied to 32 samples of dolomitic limestone. In dolomite-rich (> 16 
mole%) samples, the molar ratios of the dolomite end-members were obtained by analysis of 
purified samples of the coexisting dolomites. In samples bearing dolomite in proportions too low 
for purification, the molar ratios of the dolomite end-members were estimated from super- or 
subjacent samples in which the dolomites could be purified and measured.
The elemental concentrations (Ca, Mg, Sr) of paired matrix and cements were measured in 5 
meteoric diagenetic zones in cores DH4 and DH7 (n=16 horizons). Multiple matrix and cement 
sites were sampled in some core pieces. Powder was excavated from each site with a fine dental 
drill and a portion was analyzed for its 613C and 5180  composition (see above). About 10 mg of the 
remaining powder was dissolved in 2 ml of trace metal-grade 1N HCI. The solutions were 
vacuumed-filtered to remove any insoluble residue, were acidified with 0.2 ml of 6N distilled HCI, 
and were diluted to 50 ml. Solution concentrations were measured with a Perkin-Elmer ICP-AES 
6500. Elemental concentrations were corrected as with the whole-rock powders. Replicate 
analyses of the reference limestone indicate an error (1o) of ±1.2% for Ca, Mg, and Sr.
The insoluble residue concentrations in core DH4 (n=175) were obtained by dissolving 2 g of 
whole-rock powder in 50 ml of 1N HCI while stirring at room temperature. Each solution was 
centrifuged and partially decanted through a glass fiber filter with a 1pm retention, then distilled 
water was added and the rinse solution was centrifuged again. The procedure was repeated,
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passing the decanted rinse solutions through the same filter, until tests with litmus paper 
indicated the rinse solutions had the same pH as the distilled water. The final rinse solution was 
partially decanted as before and the remainder was rinsed into a glass vial. The vial and the filter 
were evaporated to dryness in an oven set at 40°C. The total insoluble residue weight was 
calculated from the residue in the vial and on the filter.
The 813C values of the organic fraction in core DH4 (n=130) were obtained using the method 
of Chmura et al. (1987). A portion of the insoluble residue obtained by the above procedure was 
loaded into a quartz tube along with CuO and Ag wire, pumped to vacuum, and combusted in a 
gravity oven at 850°C for 4 hours. The resulting C02 gas was extracted online, cryogenicaliy 
purified of other gases, and analyzed on a Nuclide gas-source mass spectrometer. Replicate 
analyses of the reference polyethylene foil PEF1 standard (Gerstenberger and Herrmann 1982) 
indicate an error (1a) of ±0.6%.
5.4 Petrographic Characteristics and Timing of Diagenesis
5.4.1 Introduction
The carbonates rocks of the Mutalau Platform are marked by a variety of diagenetic products 
including aragonite, HMC, and LMC cements, dissolution, calcification, and dolomitization. These 
features represent alteration of the original metastable mineral composition in diagenetic 
environments ranging from early marine, early and late meteoric, marine burial, to dolomitization. 
In the following sections, each type of non-dolomite diagenetic feature is described 
petrographically, its origin is interpreted, and its timing relative to the other diagenetic features is 
inferred. The relative timing of the different diagenetic events is summarized in Figure 5.3. 
Dolomite fabrics and their timing are discussed here only in connection with the timing of other 
diagenetic features. The petrography and timing of dolomite fabrics are covered in Chapter 7.
5.4.2 Micritic HMC Cementation
Micritic cement occurs in two forms in the Mutalau Platform. The more common form consists 
of very thin discontinuous (Fig. 5.4A) to continuous and circumgranular linings (Fig. 5.4B) in 
intergranular and intraskeletal pores. The cement is difficult to distinguish from micritic envelopes,
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Figure 5.4 Photomicrographs of early marine diagenesis, platform margin. Amanau 
quarry, section 3. (Plain light, stained for CaC03 A) Interseptal pores in a partially leached 
coral (c) are discontinuously lined with micritic HMC cement (m) and are filled with bladed 
HMC cement (b). 36.0 m elev. 100pm scale bar. B) Intergranular pores in a Halimeda 
grainstone are completely occluded by fibrous aragonite cement (a) in a polygonal 
sutured texture. Micritic HMC cement (m) lines a coral fragment. 25.6 m elev. 250 pm scale 
bar.
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particularly where the grain has been dissolved and only the envelope and/or cement remains. 
The cement is scarce in the platform margin sediments; in the platform interior, it is both 
volumetrically minor and the dominant early cement. The micritic cement was an early marine 
development because it is encrusted by fibrous and bladed CaC03 cements (Fig. 5.4A, 5.4B) and 
is absent from moldic pores (Fig. 5.3). Similar cements composed of high-Mg calcite (HMC) are 
common in the reefs of Belize (James and Ginsburg 1979), Bermuda (Schroeder 1972), and 
Australia (Marshall 1986).
The less common form of micritic cement consists of micritic peloids floating in spar in 
protected intergranular and intraskeletal pores (Fig. 5.5). This peloidal micritic cement is a 
widespread but minor component in the platform margin sediments. ATssaoui (1988) has 
demonstrated that similar peloids at Mururoa Atoll are composed of HMC and were produced by 
early marine diagenesis (Fig. 5.3).
5.4.3 Fibrous HMC and Aragonite Cementation
Two types of fibrous CaC03 cement occur in the Mutalau platform. Both types occur as 
elongate crystals arranged in circumgranular laminae. The cements are limited to primary 
intergranular and intraskeletal pores and borings, where they are either the first cement or they 
encrust micritic HMC cement (Figs. 5.4B, 5.6A). They can also precede or follow the emplacement 
of skeletal-rich internal sediments.
The first type of fibrous CaC03 cement is characterized by hackly-surfaced, inclusion-rich and 
inclusion-poor laminae (Fig. 5.6A). The cement is abundant in the platform margin sediments, 
where it commonly forms up to two isopachous, circumgranular laminae. In the platform interior 
sediments, the cement is limited to some grainstones in the Piacenzian section. Similar fibrous 
cements from platform margin sediments at Belize (James and Ginsburg 1979) and Mururoa Atoll 
(ATssaoui et al. 1986; ATssaoui 1988) have been found to be composed of HMC.
The second type of fibrous CaC03 cement is characterized by very even, generally inclusion- 
poor laminae composed of densely-packed crystals that are more acicular than are the fibrous 
HMC cements (Fig. 5.6A). It occurs as one or two isopachous, circumgranular laminae that are
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Figure 5.5 Photomicrographs of early bladed HMC cement, platform margin. Amanau 
quarry, section 3,29.9 m elev. (100 pm scale bars) A) A skeletal fragment (s) is overlain in 
succession by micritic HMC peloids (p), alternating laminae of cloudy and non-cloudy 
bladed HMC cement (b), and equant LMC cement (e), which fills the remaining primary 
pore space. (Plain light) B) Cross-nicols view of the same area showing the blunt crystal 
terminations (t) of the bladed cement and the crystallographic continuity (c) between 
laminae.
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Figure 5.6 Photomicrographs of early marine cements. (Plain light, stained for CaC03, 
100 pm scale bars). A) Bioclastic debris are encrusted by laminae of cloudy, fibrous HMC 
cement (c), botryoidal fibrous aragonite cement (a), and equant dolomite (d). Micritic HMC 
cement (m) lines a coral fragment. Amanau quarry, 36.0 m elev. B) Bioclastic debris is 
isopachously lined by fibrous aragonite cement (a). Equant LMC cement (e1) fills the 
remaining primary pore space. The central grain (g) was later dissolved and the mold was 
lined by dolomite rhombs (d) and filled with equant LMC cement (e2). Core PB2,19.5 m 
elev.
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locally botryoidal (Fig. 5.6A). The cement developed polygonal sutured texture where it 
completely occluded the primary porosity (Fig. 5.4B). It can encrust fibrous HMC cements (Fig. 
5.6A) as well as primary pore surfaces and micritic HMC cements (Fig. 5.6B). The cement is 
abundant in the platform margin sediments, but is limited in the platform interior to some 
grainstones. The crystal morphology of this cement and the aragonite-rich mineral composition of 
the whole-rock samples in which the cement occurs suggest that this cement is composed of 
aragonite. Similar cements in platform margin sediments at Belize (James and Ginsburg 1979) and 
Mururoa (ATssaoui et al. 1986) are composed of aragonite.
The cements’ morphologies, limitation to primary pores, timing relationships with micritic HMC 
cements and internal sediments, and likely mineral composition indicate that both the fibrous HMC 
and fibrous aragonite cements were synsedimentary precipitates from normal seawater (Fig. 5.3).
5.4.4 Bladed HMC Cementation
Bladed CaC03 cements in the Mutalau Platform occur in isopachous, circumgranular laminae 
composed of a picket fence-like row of crystals, each crystal parallel-sided and bluntly terminated 
(Figs. 5.4A, 5.5B). The crystals have a triangular cross-section that results in an equant mosaic 
fabric when a lamina is cut perpendicular to the crystal length (Fig. 5.4A). Bladed cements directly 
encrust skeletal grain surfaces or micritic HMC cement linings (Figs. 5.4A, 5.6A) and usually 
precipitated prior to any aragonitic fibrous cements (Fig. 5.6A). As many as four laminae may be 
present, distinguished by whether they are inclusion-rich or inclusion-poor (Fig. 5.5A). The 
cements are commonly associated with skeletal-rich internal sediments whose emplacement the 
cements may precede (Fig. 5.7) or follow. In the platform margin sediments, bladed cements are 
common to abundant, occurring as one or more thin circumgranular laminae in intergranular pores 
(Fig. 5.8A, 5.8B) and as single laminae in intraskeletal (coral, Halimeda, foraminiferan, bryozoan) 
pores (Fig. 5.4A). In the lagoonal sediments, the cement is scattered and voiumetrically minor, 
encrusting skeletal grains as syntaxial (Amphistegina, echinoids) or non-syntaxial (other 
foraminifera, red algae, bryozoans) overgrowths. Similar cements are common in reef sediments 
of Belize (James and Ginsburg 1979) and Mururoa (ATssaoui 1988), where they are
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Figure 5.7 Photomicrograph of early marine cement and internal sediment. Halimeda 
and other bioclasts are encrusted by circumgranular bladed HMC cement (b). 
Fossiliferous internal sediment (i) fills most of the remaining primary porosity, leaving 
geopetal fabric (g) in the upper pore. Amanau quarry, section 3,25.6 m elev. (Plane light, 
250 pm scale bar)
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Figure 5.8 Photomicrographs of marine and meteoric diagenesis, platform margin. 
Amanau quarry, section 3. (Plain light, stained for CaC03) A) An intergranular pore in a 
skeletal grainstone is encrusted by three laminae of cloudy, bladed HMC cement (b) 
separated by dark brown lines. The bladed cement is overlain by equant dolomite (d) and 
scalenohedral LMC cement (s). 36.0 m elev. (250 pm scale bar) B) An intergranular pore is 
lined by two laminae of cloudy, bladed HMC cement (b) and one of scalenohedral/equant 
LMC cement (s). Moldic porosity in the Halimeda plate is lined with equant LMC cement 
(e). 37.2 m elev. (100 pm scale bar)
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characteristically composed of HMC. The bladed cement morphologies, limitation to primary 
pores, association with early marine cements and internal sediments, and apparent mineral 
composition indicate that they represent synsedimentary precipitation from normal seawater (Fig. 
5.3).
5.4.5 Scalenohedral to Equant LMC Cementation
This cement is characterized in the Mutalau Platform by limpid acute (Fig. 5.9A) to squat (Fig. 
5.8A) scalenohedrons in open pore spaces, and more equant crystals in filled pores (Figs. 5.5B, 
5.9B). The crystals are stained by alizarin red-S (Figs. 5.8A, 5.9A, 5.9B), indicating that they are 
composed of CaC03. The cement may encrust sedimentary grains (Fig. 5.9A), grain molds (Fig. 
5.9B), early marine fibrous or bladed CaC03 cements (Figs. 5.5A, 5.5B, 5.8B), or dolomite (Figs. 
5.6B, 5.8A). In many pores, the cement forms drusy circumgranular linings (Figs. 5.9A, 5.9B) and, 
on echinoid grains, thick syntaxial overgrowths. In chalkified horizons, the cement commonly 
occurs as patches of finely-crystalline equant (Fig. 5.1 OA), less commonly coarsely-crystalline 
poikilotopic (Fig. 5.1 OB), spar surrounded by areas in which the cement is scarce or absent. 
Locally, the cement occurs as crusts of yellow, coarsely-crystalline scalenohedral spar whose 
apices are truncated along an even line (Fig. 5.11 A), representing precipitation just beneath an 
air-water contact, probably in a spelean environment. In some horizons, the cement is 
concentrated at grain-to-grain contacts and has curved growth surfaces (Figs. 5.11B, 5.12A), the 
meniscus cements of (Dunham 1971). The cement may be associated with perched internal 
sediment (vadose silt?; Dunham 1970) (Fig. 5.9A), surfaces within crust crystals suggesting 
discontinuous growth, and partial leaching of cement scalenohedrons (Fig. 5.9A) and dolomite 
rhombs (Fig. 5.12A). Finally, the cements commonly occur in thin, chalkified intervals, particularly 
in the lagoonal sections, that are characterized by an upper zone with small isolated cement 
patches and occasional meniscus cements, and a lower zone in which the cement patches are 
larger to interconnected or form extensive drusy linings.
The timing of the scalenohedral to equant cements varies considerably. Where associated 
with dissolution in undolomitized intervals, the cement usually occurs in both primary and moldic
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Figure 5.9 Photomicrographs of meteoric diagenesis, platform interior. (Plain light, 250 
pm scale bars) A) A cream-colored, drusy lining of scalenohedral LMC cement (s) encrusts 
primary pores in a skeletal grainstone. The cement is overlain successively by geopetal 
internal sediment (i) and a crust of larger LMC scaleno-hedrons that have moldic cores (m). 
Core DH4, -38.8 m elev. B) Scalenohedral LMC cement lines and fills the primary pores 
(p) and some moldic (m) pores in a leached skeletal grainstone. Core PB2,26.5 m elev. 
(Stained for CaCOa)
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Figure 5.10 Photomicrographs of meteoric diagenesis, platform interior. (Plain light, 
250 pm scale bars) A) A patch of equant LMC cement (e) fills the primary porosity in a 
leached skeletal grainstone, but is absent from the enclosed grain molds (m), indicating a 
pre-stabilization meteoric event. Core DH7, -100.9 m elev. B) A patch of poikilotopic LMC 
cement (p) engulfs skeletal grains and may have protected them from later dissolution. 
Some grains outside the patch have been dissolved, leaving only their micritic envelopes 
(e). Core DH7, -87.9 m elev.
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Figure 5.11 Photomicrographs of post-dolomitization meteoric diagenesis, platform 
interior. (Plain light, stained for CaC03) A) A partially dolomitized grainstone is encrusted 
by a palisade of scalenohedral LMC cement crystals (s) with truncated terminations (t), 
indicating that the cement grew beneath an air-water contact. Some of the basal 
scalenohedrons have brown streaks in their cores (b). Core PB1,26.7 m elev. (250pm 
scale bar) B) A meniscus of equant LMC cement (m) encrusts a dolomitized micrite 
envelope and its lining of dolomite rhombs (d). Core PB1,26.2 m elev. (100 pm scale bar)
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Figure 5.12 Photomicrographs of dolomitization and meteoric diagenesis. (Plain light, 
stained for CaC03l 100 pm scale bars) A) Dolomite rhombs (d) encrusted and locally 
replaced benthic forams (f), were partially dissolved, then were engulfed by meniscus 
LMC cement (m). Core PB1,18.2 m elev. B) Leached coral septae (s) were lined with 
bladed HMC cement which was mimetically dolomitized (m) and then encrusted by equant 
dolomite rhombs (r). Equant LMC cement (e) fills the remaining primary porosity. Amanau 
quarry, section 3, 36.0 m elev.
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pores (Fig. 5.9B), indicating that cementation followed or accompanied dissolution of the 
sedimentary components composed of metastable minerals (i.e., HMC and aragonite). In some 
leached intervals, the cement occurs only in the primary pores, implying that it preceded 
dissolution. In most cases, the cement overlies any dolomite present (Figs. 5.8A, 5.11B, 5.12A, 
5.12B), indicating that it usually precipitated after dolomitization. In a few cases, however, the 
cement lies between the sedimentary grains and the encrusting dolomite rhombs, implying that 
cementation occurred prior to emplacement of the dolomite.
The cement's crystal morphologies indicate that it is composed of low-magnesium calcite 
(LMC) (Longman 1980). The drusy cement linings, meniscus cements, association with the 
dissolution of metastable minerals, and distribution in chalkified profiles indicate that the 
scalenohedral to equant LMC cements precipitated from meteoric fluids under phreatic to vadose 
conditions (Longman 1980). The timing of cementation ranged from comparatively early after early 
marine cementation and prior to or during stabilization of the section, to post-dolomitization, to 
late-stage in spelean settings (Fig. 5.3).
5.4.6 Dogtooth Calcite Cementation
Dogtooth cement is characterized by spiny arrays of limpid, dagger-shaped (20-100 pm long 
by 5-30 pm wide) scalenohedral crystals (Fig. 5.13A). The crystals are stained by alizarin red-S, 
indicating that they are composed of CaC03. The cement occurs as individual crystals or clusters 
of crystals on micritic substrates (Fig. 5.13A) and as dense spiny arrays on skeletal grains such as 
foraminifera and bryozoans. It occurs in both primary and moldic pores, in dolomitized intervals, 
the cement was not observed to encrust dolomitized substrates, but is overgrown by the 
dolomite. The cement is a ubiquitous but volumetrically minor component of the Tortonian 
through Zanciean section of the platform interior, whereas it is absent from the Piacenzian section 
of both the interior and the platform margin.
Several lines of evidence suggest that the cement may have been precipitated within the 
deeper parts of platform from marine-sourced pore fluids. 1) The acute crystal form suggests a 
LMC composition, although microprobe analyses of some crystals in the Tortonian section reveal
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Figure 5.13 Photomicrographs of chalkification, calcification, and possible marine burial 
cement, platform interior. (Plain light) A) Chalkified texture, shown here in a grainstone, is 
characterized by the dissolution of many grains, leaving molds surrounded by micrite 
envelopes (m). Dogtooth LMC cement (d) sparsely encrusts primary and secondary pores. 
Core DH7, -53.9 m elev. (100 pm scale bar) B) A calcified coral fragment (c) contains ghosts 
(g) of the original skeletal structure. The adjacent primary and some secondary porosity is 
filled with equant LMC cement (e). Core DH7, -81.4 m elev. (250 pm scale bar)
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that they are Sr-rich (697-936 ppm; see Chapter 7, Table 7.2). 2) The cement encrusts moldic 
surfaces in the stabilized Tortonian-age limestones, yet the limestones’ heavy 8,3C and S'eO 
composition (mean +0.8±0.3 and -0.8±0.7%o PDB, n=63; see section 5.6.2 below) eliminate a 
meteoric origin for the cements. 3) The cement is limited to the section below about -20 m elev. 4) 
Cements with similar crystal form and distribution in the Great Bahama Bank have 8180  values of 
+0.5 to +2.2%o PDB, which is consistent with precipitation from seawater (Melim et al. 1995). 
Further work is needed to clarify the nature and origin of these cements.
5.4.7 Micritizatlon
In the platform margin sediments, the margins of skeletal grains are commonly micritized 
and/or encrusted by micritic HMC cement (Figs. 5.4B, 5.6A). The micritic linings are overlain by 
fibrous or bladed CaC03 cements whose morphologies indicate that they are early marine 
precipitates. In the lagoonal sediments, micritization of grain boundaries is ubiquitous, particularly 
in matrix-poor intervals. The micritized surfaces may be encrusted by any of the CaC03 cement 
types or by dolomite (Fig. 5.6B). Where the grains have been dissolved, their outlines may be 
preserved solely by micrite envelopes (Fig. 5.13A). Micritization of skeletal grains occurs on or just 
below the seafloor in shallow-water carbonate settings due to boring by endolithic algae, bacteria, 
and fungi and subsequent cementation by micritic aragonite or HMC fostered by the chemical 
environment they produce (Bathurst 1966; Lloyd 1971; Budd and Perkins 1980). In the Niue 
sediments, the siting of the micritized envelopes between the grains and the fibrous to bladed 
CaC03 cements confirms an early marine origin for the micritization (Fig. 5.3).
5.4.8 Internal Sediments
Most of the internal sediments in the Mutalau Platform are very fine-grained to silt-sized 
skeletal and peloidal wackestones to grainstones (Fig. 5.7). The sediments occur in primary pores 
and borings either directly overlying the depositional grains, or overlying fibrous or bladed CaC03 
cements (Fig. 5.7). The presence of the skeletal grains and the association with the early marine 
cements indicate that these internal sediments had a syndepositional origin (Fig. 5.3).
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A much less common form of internal sediment consists of micrite that is perched atop drusy 
linings of scalenohedral LMC cement within chalkified intervals (Fig. 5.9A). The relationship with 
cements that clearly were meteoric suggests that this internal sediment may be vadose silt 
(Dunham 1970) that was washed into the host sediment or rock during a post-depositional 
episode of meteoric alteration (Fig. 5.3).
5.4.9 Calcitization
Some aragonitic skeletals such as corals and mollusks have been replaced by a coarse 
crystalline mosaic of equant calcite (Fig. 5.13B). The presence of ghosts of the original skeletal 
microstructure (Fig. 5.13B), probably representing inclusions of organic matter (Sandberg and 
Hudson 1983), indicates that preservation was mediated by replacement rather than by 
dissolution and spar-infilling (Schlanger 1964; Tucker and Wright 1990). Calcitization has 
occurred in sediments of both the platform margin and the interior, but is uncommon. In the 
Messinian and Pliocene sections, calcitized skeletal grains may be associated with scalenohedral 
to equant LMC cements (Fig. 5.13B), implying that the replacement may have been accomplished 
during meteoric diagenesis (Fig. 5.3). In the Tortonian section, where evidence of meteoric 
diagenesis is lacking, calcitization must have occurred during conversion of the metastable 
sediments to LMC limestone (Fig. 5.3).
5.4.10 Dissolution
The petrographic features indicate that dissolution has occurred in response to two 
processes: dolomitization and meteoric diagenesis.
In undolomitized limestones of the platform margin, dissolution consists of locally extensive 
leaching of aragonitic grains (e.g. Halimeda, corals) and limited leaching of fibrous and bladed 
CaC03 cements. The molds are commonly lined by scalenohedral or equant LMC cement. In 
undolomitized limestones of the platform interior, dissolution of aragonitic grains (Halimeda, 
corals, bivalves, gastropods) is complete below 15 m elev., except for trace amounts (<3 %) in 
core DH6a below -298 m elev. (Appendix B). Micritic grains and and especially calcitic skeletals are 
well-preserved except within intervals of the Messinian-Piacenzian section that are distinguished
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in hand sample by white chalky texture and in thin section by extensive dissolution of many micritic 
and skeletal grains, leaving only micrite envelopes around grain molds (Figs. 5.9B, 5.13A). The 
molds are commonly lined by scalenohedral or equant LMC cement (Fig. 5.9B) and/or dogtooth 
LMC cement (Fig. 5.13A). The mineral composition and morphology of the associated CaC03 
cements, as well as geochemical evidence presented below in section 5.7, indicates that this 
dissolution was due to meteoric diagenesis (Fig. 5.3).
Dissolution of micritic grains and calcitic skeletals in the Tortonian section is much less 
pronounced and the only CaC03 cement in the molds is dogtooth LMC. The absence of LMC 
cements and geochemical signatures (see section 5.7) that are characteristic of meteoric 
diagenesis suggest that the dissolution and stabilization of the Tortonian limestones were due to 
other processes such as dolomitization or burial diagenesis mediated by cold, marine-sourced 
fluids entering the flanks of the platform (Fig. 5.3).
Dissolution in the dolomitized limestones of the platform margin and interior is characterized 
by partial to complete leaching of aragonitic grains (Halimeda, corals, bivalves, gastropods), fibrous 
CaC03 cement, and thin-walled benthic foraminifera such as miliolids. Limpid dolomite rhombs 
(cement?) commonly line the molds, particularly in the Plio-Pieistocene section, indicating that 
dissolution preceded emplacement of the limpid dolomite (Fig. 5.11B). The similarity to fabrics in 
the chalkified, undolomitized limestones implies that this dissolution may have been due to 
meteoric diagenesis (Fig. 5.3). In some sites in the Plio-Pieistocene section, the dolomite rhombs 
have embayed, rounded, or corroded margins that may be overgrown by meniscus equant LMC 
cement (Fig. 5.12B). These cases are typically limited to the uppermost few meters of a 
dolomitized interval. The relationship between the leached dolomite margins and the LMC 
cements suggests that this kind of dissolution was by meteoric fluids (Fig. 5.3).
5.5 Distribution of Non*Dolomite Diagenetic Features
5.5.1 Introduction
This section is concerned with the distribution of the non-dolomite diagenetic features in the 
various cores and quarries as gleaned from petrography. A graphical summary of the type and
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relative abundance of the marine and meteoric diagenetic features is provided in two columns 
under the heading “Diagenesis” in the core and quarry sections (Figs. 5.14-5.19). In the column 
labeled “marine cement", the marine cements are differentiated according to morphology (fibrous 
or bladed, and micritic) and their relative abundances are shown. In the column labeled “MDZs" 
(Meteoric Diagenetic Zones), the shaded bars indicate where meteoric diagenetic features were 
observed. Petrographic and stable isotope evidence were utilized to distinguish meteoric vadose 
and meteoric phreatic subzones within the MDZs; the intervals are labeled as uncertain where the 
data did not support a differentiation. The stable isotope evidence for the MDZs is discussed in 
section 5.6. The various MDZs are numbered sequentially upsection based on correlation of the 
MDZs between the cores. The correlation is presented below in section 5.5.7.
5.5.2 Petrographic Evidence of Diagenesis in Cores DH4-PB1
Marine cementation is limited throughout the PB1 and DH4 cores (Figs. 5.14, 5.15). In the 
Tortonian section below -210 m elev., the dominant marine cement is bladed CaC03 cement that 
was probably originally HMC. Throughout the remainder of the core, the dominant marine cement 
is generally micritic CaC03 cement that is difficult to distinguish from the micritic envelopes. Grains 
such as benthic foraminifera commonly have circumgranular rinds of bladed CaC03 cement. At five 
horizons in the DH4 core and three horizons in the PB1 core, fibrous or bladed CaC03 is the 
predominant marine cement. The scalenohedral CaC03 cement is a ubiquitous but minor cement 
throughout much of the section below -33 m elev.
Much of the section below -163 m elev. (Tortonian and lowermost Messinian) has been 
leached. Aragonitic grains are invariably moldic and non-specific dissolution of grains and micrite 
matrix is common. The absence of meteoric cements (except for a possible occurrence at -219.8 
m elev.) suggests that the dissolution was related to dolomitization rather than to meteoric 
diagenesis. This interpretation is supported by the stable isotope and elemental geochemistry 
results presented below.
Meteoric cements in the form of circumgranular, patchy, or meniscus equant LMC are 
common at discrete horizons within the Messinian-Zanclean section (-148 to -22 m elev.) and in
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Figure 5.14 Diagenesis and stable isotopes of the CaC03 fraction in the PB1 well (core 
hole 1 in Fig. 3.1).
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Figure 5.15 Diagenesis and stable isotopes of the CaC03 fraction in the DH4 well (core hole 4 
in Fig. 3.1). See Fig. 5.14 for the legend.
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Figure 5.16 Diagenesis in the DH5 well (core hole 5 in Fig. 3.1). See Fig. 5.14 for the 
legend.
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Figure 5.17 Diagenesis in the DH7 well (core hole 7 in Fig. 3.1). See Fig. 5.14 for the 
legend.
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Figure 5.18 Diagenesis and stable isotopes of the CaC03 fraction in the PB2 well (core 
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Figure 5.19 Diagenesis and stable isotopes of the CaC03 fraction in the Amanau quarry 
(outcrop A in Fig. 3.1). See Fig. 5.14 for the legend.
162
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the upper Piacenzian section (1 to 31 m elev.). Extensive grain and matrix leaching has produced 
distinct chafkified intervals in the Messinian-Zanclean section that generally coincide with the 
meteoric cements. In the Piacenzian section, chalkification is limited to portions of the dolomitized 
section. On the basis of the distribution of meteoric cements and chalkification, 8 meteoric 
diagenetic zones (MDZs) are inferred in the Messinian-Zanclean section. Three others are 
inferred in the Piacenzian section on meteoric cement distribution alone. The MDZs are 
numbered sequentially upsection based on their correlation to the MDZs in the other cores (see 
section 5.5.6). MDZs 3 and 8 were not observed in the DH4 core, in the former case possibly due 
to the lack of core recovery in that interval, and in the latter case due probably to the lack of 
development at the DH4 site. The numerical order does not necessarily indicate the chronological 
sequence of the MDZs.
The Messinian-Zanclean MDZs have been subdivided into phreatic and vadose zones on the 
basis of the distribution of chalkification and meteoric cementation. The best example is MDZ 9 at 
-65.5 to -59.0 m elev. (Fig. 5.15). Above -59.0 m elev., the limestones have lost their aragonitic 
components to dissolution and have been stabilized to LMC, but they are not chalkified. The 
section from -59.0 to -62.0 m elev. has been heavily chalkified, while meteoric cements are sparse 
and are limited to a few 1-2 mm diameter patches. In the 2 m-thick section below -62.0 m, the 
cement patches are common and coalesce, whereas the chalkification is less pronounced. There 
is a gap in the recovered core from -64 m to -67 m elev., below which the cements are no longer 
present and chalkification has further diminished. By -73.0 m, the degree of leaching is similar to 
that observed just above MDZ 9.
All of the recovered core samples of MDZs 1,2, and 5 are rich in the patchy to coalescing 
meteoric cements and probably represent the phreatic zones of the respective MDZs. The 
boundaries between the inferred vadose and phreatic zones in MDZs 4, 7, and 10 are estimated 
to occur at the contacts between the heavily chalkified, meteoric cement-poor limestone above 
and the less chalkified, cement-rich limestone below.
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MDZ 11 is complex and probably represents two or more overlapping MDZs. The interval from 
the base of the dolomite at -22.0 m elev. to below -24.0 m may represent one MDZ because 
above -22.5 m the limestone is moderately chalkified and cemented by LMC cement, whereas 
below that mark chalkification is minimal and circumgranular to pore-filling equant LMC cement 
occludes most of the porosity. The poor core recovery between -24.0 and -33.0 m could 
represent two intervals of chalkified, uncemented limestone representing vadose developments. 
Each interval is underlain by a 1 m thick cemented phreatic development at -28.0 and -33.5 m, 
respectively. Downsection, the degree of chalkification increases to a maximum between -34.5 m 
to -41.5 m elev., then decreases sharply. Patchy to coalescing LMC cements are common from 
-36.0 m to -39.5 m, diminish to sparse by -41.5 m, and remain sparse downsection into MDZ 10. At 
-39.0 m, two generations of circumgranular scalenohedral LMC cement that indicate phreatic 
precipitation are separated by geopetal internal sediment (Fig. 5.9A) that could represent vadose 
silt (Dunham 1970). Due to the difficulty in distinguishing the possible component MDZs, MDZ 11 
is treated here as a single MDZ with a paleo-water table at the base of the lower presumed 
chalkified, uncemented interval around -30.5 m elev.
MDZ 12 is a series of isolated developments of primary and secondary pore-lining 
scalenohedral LMC cements that post-date dolomitization. Most probably represent phreatic 
developments, although the meniscus LMC cement around 18 m elev. in core PB1 is a vadose 
precipitate. MDZ 13 is split by a 1 m thick dolomitized bed lacking in LMC cement, which suggests 
that meteoric diagenesis preceded dolomitization. MDZ 14 consists of meniscus LMC cements 
that post-date dolomitization.
5.5.3 Petrographic Evidence of Diagenesis in Core DH5
Marine cementation is sparse in the DH5 core and is generally dominated by micritic cement 
(Fig. 5.16). Bladed CaC03 cement lines grains in the interval from -75 to -58 m elev. and is the 
dominant marine cement between -62 and -58 m.
Six MDZs (1,4, 7/6,9,10, and 11) are recognizable on the basis of chalkification and meteoric 
cementation. The degree of meteoric cementation is generally low, perhaps due to the micrite-
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rich nature of the sediments, causing the boundaries between the packages of meteoric cements 
to be unclear. Chalkification is common through the section below -58 m elev., further blurring the 
MDZs. For these reasons, the MDZs were not differentiated into vadose and phreatic zones.
5.5.4 Petrographic Evidence of Diagenesis in Core DH7
Marine cementation is sparse in the DH7 core and is dominated by micritic cement (Fig. 5.17). 
Bladed CaC03 cement was recognized only at -60.0 m elev., whereas the scalenohedral CaC03 
cement is a widespread but minor component.
Aragonitic components have been dissolved throughout the entire core except for a deposit 
of thick-walled bivalves at -138.0 m elev. Chalkification is common, particularly between -131.5 to 
-80.5 m. Meteoric circumgranular or patchy equant LMC cements are widespread from -122.5 to 
-54.0 m elev., but are common only at five discrete intervals.
The distribution and degree of chalkification and meteoric cementation indicate that meteoric 
diagenesis was concentrated in the interval from -131.5 to -80.5 m elev. and was more limited in 
the underlying and overlying intervals. No MDZs were recognized in the lower interval, although 
the low core recovery suggests poor induration that could be due to extensive meteoric leaching. 
Correlation to the other cores suggests that MDZ 1 may lie within this interval.
Six MDZs can be distinguished with varying degrees of confidence between -131.5 and -80.5 
m elev. They are tentatively differentiated into vadose and phreatic developments on the basis of 
chalkification and meteoric cementation. MDZ 2 consists of a heavily chalkified upper (vadose) 
zone and a less chalkified lower zone that bears some meteoric cements (phreatic). MDZ 2 is 
separated from MDZ 3 by a thin bed whose lack of chalkification suggests deposition after 
meteoric alteration of MDZ 2, impling that MDZ 2’s upper boundary at -122.5 m is a subaerial 
unconformity. MDZ 3 is poorly defined, with greater chalkification in the lower part and only minor 
meteoric cementation throughout. Its differentiation is based on stable isotopes (see section 
5.6.5). The upper boundary at -115.5 m is inferred to represent a subaerial unconformity which 
MDZ 4 later overprinted because chalkification decreases sharply downsection across the 
boundary. MDZ 4 is the best-developed of the lower three MDZs, with a chalkified, cement-poor
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upper part and a chalkified, cement-rich lower part. Its upper boundary at -104.0 m lies at the base 
of a leached, cement-poor limestone that is inferred to represent a subaerial unconformity. MDZ 5 
has a moderately chalkified, cement-poor upper part and a chalkified, cement-rich lower part. It is 
overlain by 2 m of limestone which petrology indicate experienced markedly less meteoric 
alteration. MDZ 5’s upper boundary at -95.0 m therefore is probably a subaerial unconformity.
The chalkified interval between -93.0 and -80.5 m elev. is differentiated into MDZs 6 and 7 
based on the presence of two cement-rich horizons separated by a cement-poor horizon at -84.5 
m. The pattern suggests that the cement-poor horizon represents the vadose portion of MDZ 6. It 
is unclear whether the MDZ 6-MDZ 7 boundary at -84.0 m is a subaerial unconformity or merely a 
contact between overprinting diagenetic zones. MDZ 7 consists only of a cement-rich phreatic 
zone. The minimal leaching in the immediately overlying 4 m suggests that the associated vadose 
zone is missing and that MDZ 7 is truncated by an erosional unconformity at -80.5 m.
Evidence of meteoric alteration in the section above -80.5 m elev. is limited to two intervals. 
MDZ 8 consists of two cement-poor horizons within a chalkified interval and may represent more 
than one poorly developed MDZ. MDZ 9 is comparatively well-developed, with a lower cement-rich 
interval and an upper chalkified, cement-free interval.
5.5.5 Petrographic Evidence of Diagenesis in Core PB2
As at the other platform interior locations, marine cementation is limited in core PB2 and is 
dominated by micritic cement (Fig. 5.18), except at two horizons. The first is a grainstone at 19.5 m 
elev. with floating grain fabric that is extensively cemented by fibrous aragonite cement. These 
features and the keystone fabric in the overlying bed at 20.0 m suggest that the grainstone 
represents cementation of a shoreface sand through wave-driven porewater circulation. Bladed 
CaCOa cement dominates in the overlying burrowed packstone at 20.5 to 21.5 m.
Dissolution of aragonitic components has occurred throughout most of the core, but the more 
extensive leaching is limited to the dolomitized intervals. Meteoric cementation is concentrated in 
two intervals. MDZ 12, from -4.0 to 1.7 m elev., features yellow scalenohedral LMC cement that 
lines primary and moldic pores in the dolomitized sediment. Leaching of the dolomitized
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wackestone bed within the inten/al at -1.5 m and encroachment of leached haloes around 
dolomitized sediment within the packstones and grainstone indicate that meteoric diagenesis was 
post-dolomitization. The fact that the MDZ occurs at to a few meters below the present meteoric 
water table suggests that this is the modem MDZ. MDZ 13 is distinguished by abundant 
circumgranular to pore-filling equant LMC cement. MDZ 13 probably followed dolomitization 
because equant LMC cement encrusts dolomite cement in the grainstone at 19.5 m.
5.5.6 Petrographic Evidence of Diagenesis at the Amanau Quarry
Marine cementation is extensive at the Amanau Quarry (Fig. 5.19). Virtually all the primary 
porosity below 37 m elev. is filled by a combination of fibrous and bladed CaC03 cements and 
internal sediment. Above this point and especially in the skeletal grainstone/packstone 
lithofacies, some primary porosity remained after marine cementation and was later filled by 
dolomite and meteoric cements.
Meteoric diagenesis in this section is typified by partial stabilization to LMC and minor to 
moderate amounts of LMC cementation. Stabilization is more advanced above 39.5 m elev. The 
chalkification apparent in the platform interior is absent here at the platform margin. Dissolution 
and calcitization of aragonitic bioclasts are more apparent above 36 m, probably because the lower 
degree of marine cementation left primary porosity to sen/e as fluid conduits. Calcitization is also 
associated with a stabilized and dolomitized horizon at 27 m and with a meteoric cement-rich 
horizon at 30 m. Meteoric cementation consists of circumgranular scalenohedral to equant LMC 
that lines or fills primary and moldic pores. Patchy LMC cement is limited to above 44 m. Strata in 
the oceanward portion of the quarry contain vugs up to 50 cm diameter that are encrusted by LMC 
flowstone, including small speleothems and rimstone. The distribution and morphology of the 
meteoric cements indicate at least one post-dolomitization episode of meteoric diagenesis, with 
phreatic conditions up to 44 m and perhaps vadose conditions above that point. The flowstone 
represents a later stage of meteoric vadose diagenesis.
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5.5.7 Correlation of the Meteoric Diagenetic Zones
Figure 5.20 shows the proposed correlation of the various MDZs between the cores. The 
correlation was based on the observation that the boundaries between the various paleomagnetic 
polarity chrons in cores DH4, DH7, and PB2 occur at similar elevations, suggesting that there has 
been little structural tilting of the platform since at least the beginning of the Messinian. In core 
DH5, the chron boundaries generally lie about 10 m deeper than in the other cores, which may 
indicate that this part of the platform interior experienced minor down-faulting. The distribution 
and spacing of the MDZs in the Messinian interval suggest that each MDZ usually extended 
across much or all of the platform and that the MDZs can be correlated according to similar 
elevations. Correlation of the MDZs in the Zanclean-Piacenzian interval are based on similar 
elevations and ages of the depositional sections.
5.6 Stable Isotope Geochemistry of the CaC03 Fraction
5.6.1 Introduction
The 8’3C and 5,80  values of the CaC03 fraction were measured in all of the cores, in the 
Amanau quarry and 6 quarries in the platform interior, and in fossil bivalve shells (Appendix F). 
Figure 5.21 is a crossplot of S13C and 5,B0  values for 330 limestone sediment samples, 
differentiated by stage, showing a general trend with a few outliers. Included are the values of the 
CaC03 fraction of 16 limestones from the Fonuakula well (Aharon et al. 1987). Excepting the 
outliers, the 513C values extend generally from +1.3 to -7.0%« PDB, whereas the 8,aO values 
extend from +0.4 to -5.5%o PDB. The values and the J-shaped trend are characteristic of a 
limestone body, portions of which have undergone alteration due to the influence of meteoric 
groundwater and soil gas C 02 (Lohmann 1988).
Modem tropical shallow marine carbonates have whole-rock 5,3C values ranging from +0.0 to 
+4.0%o PDB and 5,aO values ranging from -3.5 to +2.2%o PDB (Land 1989). Modern marine CaC03 
cements have 5,3C values ranging from +0.0 to +4.5%o PDB and 5iaO values ranging from -1.0 to 
+2.0%o PDB (Land 1989). Limestones which have undergone meteoric diagenesis generally
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Figure 5.21 Crossplot of whole-rock CaC03 5'3C and 5'80  from the cores, outcrops, the 
Fonuakula well, and bivalves from outcrops. Samples from the cores and outcrops are 
differentiated according to their ages.
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have whole rock 513C values ranging from -12 to +2%o PDB and 5180  values ranging from -6 to -1%o 
PDB (Lohmann 1988). Most of the Niue limestones fall within this field (Fig. 5.21).
The 813C composition of calcite precipitated from meteoric groundwater is determined by the 
groundwater C/Csg ratio, where Cr is the amount of carbon contributed by dissolution of the host 
carbonate sediment or rock and C,B is the amount of carbon contributed by soil gas C02 (Allan and 
Matthews 1982). Soil gas C02 is produced by microbial action in the soil and has 5'3C values 
typically between -30 and -10%o PDB (Qalimov 1980). The C/C,g ratio in recharging rainwater is 
roughly equal to one. Rainwater with the soil gas C02 infiltrates the vadose zone, where it 
mediates dissolution of the host carbonates and precipitates limited amounts of meteoric calcite 
cements. The impact of soil gas C02 is sharply diluted at the water table, where most cementation 
and dissolution occur (Moore 1989), by the C 032 released during host carbonate dissolution in 
the vadose zone. At Niue, the 8,3C composition of the dissolved inorganic carbon in the meteoric 
waters within a few meters of the water table is presently -8.6±1.5%o PDB (n=19) (Appendix J). 
Below the water table, calcite saturation in the meteoric phreatic porewaters results in downward- 
diminishing cementation and dissolution. The 6,3C profile of a carbonate unit lying in the meteoric 
zone (Fig. 5.22C) is therefore marked by light S,3C values in the vadose zone, an abrupt shift 
toward heavier values at the water table, and a gradual downsection movement through the 
meteoric phreatic zone toward marine 813C values (Allan and Matthews 1977,1982; Lohmann 
1988). A buried subaerial unconformity will be characterized by an abrupt shift from marine to light 
513C values.
The S,sO composition of calcite precipitated from meteoric groundwater is determined by the 
groundwater 0 /O w ratio, where Or is the amount of oxygen contributed by dissolution of the host 
carbonate and Ow is the amount of oxygen contributed by the porewater (Allan and Matthews 
1982). In an open system such as an unconfined meteoric lens, the 0 /0 w ratio is very low 
throughout the meteoric zone because the low solubility of CaC03 in meteoric water allows the 
ratio to be dominated by Ow. The S,80  composition of the meteoric calcite will therefore reflect the 
5180  composition of the meteoric groundwater (modem Niue meteoric water is -4.6±0.5%o
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Figure 5.22 Characteristic diagenetic and geochemical profiles through a metastable limestone undergoing alteration in a 
unconfined meteoric lens on a carbonate island. The stable isotope values in the marine phreatic interval are the mean of the range 
of values observed in modern tropical shallow-water carbonate sediments (Land 1989). (Lens schematic and profiles A-D modified 
after Wheeler and Aharon 1991; profile E from Moore 1989)
V-SMOW, n=19; Appendix J) and downsection variations in whole rock 8,80  composition will be 
the product of the degree of alteration and cementation in the different parts of the meteoric 
zone.
The typical 5’80  profile of a carbonate unit in the meteoric zone (Fig. 5.22D) has light 6,80  
values in the vadose zone and around the water table, and a downsection shift through the 
meteoric phreatic zone toward marine 51sO values (Allan and Matthews 1977,1982; Lohmann 
1988). A buried subaerial unconformity will be characterized by an abrupt shift from marine to light 
S180  values.
It is noteworthy that at Niue, the Tortonian and older limestones fall at the more positive end of 
the population, the Messinian limestones fall in the mid-range, and the Plio-Pleistocene 
limestones extend across the entire spectrum (Fig. 5.21). This differentiation suggests that the 
Tortonian and older section has experienced little or no meteoric diagenesis, the Messinian has 
experienced only intermittent and/or brief episodes, and the Plio-Pleistocene section has 
experienced extensive meteoric diagenesis. This preliminary hypothesis is supported by a 
detailed examination of the individual cores and outcrops.
5.6.2 Stable Isotope Geochemistry of the CaCO, Fraction in Cores DH4-PB1
Figures 5.14 and 5.15 show depth plots of the 8,3C and 5,80  values of the whole-rock CaC03 
fraction in cores PB1 and DH4, respectively. The data are tabulated in Appendix E. The 5,3C 
values of the Tortonian section (top at -164.5 m elev.) are comparatively heavy and vary only within 
a narrow range (mean 0.8±0.3%o PDB, n=63) (Fig. 5.15). The Messinian section (top at -59 m 
elev.) has 5,3C values that gradually become lighter overall upsection from about 0.0 to -0.7%o 
PDB and is marked between -63.5 and -59.0 m elev. by a sharp excursion to lighter values (-3.5 
±0.4%o PDB, n=4). The upsection trend toward lighter values continues through the Zanclean 
section (top at -13.5 m elev.) to -34.0 m elev., above which the CaC03 fraction has very light 5'3C 
values (-4.9±1.5%o PDB, n=22, including the 7 limestones from PB1) (Figs. 5.14 and 5.15). The 
exception at 17.0 m elev. (0.6%o PDB) was cemented thoroughly by early marine fibrous CaC03 
that has preserved aragonitic bioclasts (corals, bivalves) unreplaced and largely unleached.
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The 51sO values of the DH4 Tortonian section are comparatively heavy (mean -0.8±0.7%o 
PDB, n=63) and show a general upsection decrease from +0.2 to -1.8%o PDB (Fig. 5.15). The 
anomalously light value (-3.2%o PDB) at -218 m elev. coincides with late stage equant calcite 
cement and may indicate meteoric cementation. Just above the Tortonian-Messinian boundary, 
the 8,0O values decrease abruptly to -3.7%o PDB and remain light through the Messinian section 
(mean -2.7±0.6%o PDB, n=34). The interval between -63.5 and -59.0 m elev. at the top of the 
Messinian section shows particularly light values (mean -3.2±0.4%o PDB, n=4), but intervals at 
-148 to -145, -135, -120 to -116, -105 to -102, and -90.5 to -84.5 m elev. are also notably lighter 
than the mean value. These intervals are marked petrographicaliy by patches or drusy linings of 
equant LMC cement and/or by an extensively leached matrix. In the Zanclean section to -36 m 
elev., the 8180  values vary from comparatively heavy (maximum -0.3%o PDB at -45 m elev.) in 
unleached intervals lacking equant LMC cement, to light (minimum -2.8%o PDB at -49 m elev.) in 
the -54 to -47 and -43.5 to -33.0 m intervals with leaching and/or equant LMC cement. In the 
Zanclean section above -36 m elev. and in the Piacenzian section, the 8'80  values are sharply 
lighter (-4.1±0.9%o PDB, n=24, including PB1) with the exception at 17.0 m elev. discussed 
above.
The stable isotopic data are consistent with the 11 meteoric diagenetic zones (MDZs) 
identified on the basis of petrographic criteria (Figs. 5.14,5.15). The light 5,3C and 8180  values at 
MDZs 1,2, 4, and 5 reflect the presence of meteoric equant LMC calcite cements, but it is unclear 
due to the poor core recovery whether the zones are four discrete MDZs or a single one. MDZ 7 is 
marked by light 8’80  values between -92 and -84.5 m elev. and a shift at -90.5 m elev. that implies 
a paleo-water table, but the absence of corresponding light 8’3C values renders this interpretation 
tentative.
MDZ 9 is a good illustration of an isotopic profile through a meteoric diagenetic zone as 
described by Allan and Matthews (1977,1982) (Fig. 5.23A, 5.23B). The MDZ was discussed as 
the end-Messinian MDZ in Wheeler and Aharon (1991) and as MDZ 7 in Aharon et al. (1993). The 
abrupt downsection shift toward light 8’3C and 8180  values at -59.5 m elev. (Figs. 5.23A, 5.23B)
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Figure 5.23 Geochemistry of whole-rock, matrix, and cement CaC03 in MDZ 9 of core DH4. The inferred locations of the
unconformity, the paleo-water table, and the associated vadose and phreatic zones are based on petrographic as well as
geochemical evidence.
corresponds to a sharp change from unleached limestone above to chalkified limestone below 
and identifies a buried subaerial unconformity. The underlying 4.5 m thick-interval is marked by 
particularly light 8'3C and 8'80  values and coincides with a chalkified, minimally cemented zone, 
both features consistent with a vadose zone. The shift toward heavier 513C and 8'80  values around 
-63.5 m elev. occurs 1 m below the appearance of numerous patches of equant LMC cement and 
approximates the paleo-water table. The meteoric phreatic zone is represented by the underlying 
few meters in which §,3C and S180  values are comparatively heavy, the cements disappear 
downsection, and leaching is much less pronounced.
In order to further characterize MDZ 9, 8 matrix-cement pairs were analyzed, 7 from the MDZ 
and one from the limestone above the unconformity (Appendix G). The results generally confirm 
the whole-rock isotopic data (Figs. 5.23A, 5.23B). In the inferred vadose zone, the 8’3C and 8’80  
values of both the matrix (-2.7±0.3 and -2.6±0.2%o PDB, respectively; n=4) and cements 
(-4.3±0.6 and -4.5±0.9%o PDB, respectively; n=4) are light. Just below the paleo-water table at -64 
m elev., the cement 5'3C and 5180  values continue to be light (-4.9 and -5.3%o PDB) but are too 
scarce to outweigh the 813C and 8180  values of a matrix (+1.0 and -1.3%o PDB) that has undergone 
much less meteoric alteration. Further downsection in the meteoric phreatic zone, the cements 
are too small to be sampled and the matrix values are near the whole-rock values.
MDZ 10 is much less well-defined, showing light whole-rock S'3C and 8’80  values between 
-55.5 and -47.5 m elev. (Fig. 5.15). The paleo-water table inferred at -52.5 m elev. on the basis of 
petrographic features is faintly suggested by the downsection shift toward heavier S,80  values.
MDZ 11 is another good example of an isotopic profile through a meteoric diagenetic zone 
(Figs. 5.24A, 5.24B). The MDZ was discussed as the end-Zanclean MDZ in Wheeler and Aharon 
(1991). Petrographic evidence suggests that MDZ 11 is a composite of at least two overprinted 
MDZs, but the whole-rock isotopic data do not distinguish them. The downsection shift toward 
lighter values between -22.5 m and -23.5 m elev. suggests that a buried subaerial unconformity 
may lie upsection in the dolomite, perhaps at around -22.0 m elev. Around -30.5 m elev. there is a 
downsection change from heavily 'eached, sparsely-cemented limestone at -27.5 m to
176
































-45 - P -






2 2 -8 40 6 2 0 2 0 20 30 40 0 1 2 3
813C 0/oo PDB 8180  0/oo PDB Mg/CaxlO3 Sr/Ca x103
Figure 5.24 Geochemistry of whole-rock, matrix, and cement CaC03 in MDZ 11 of core DH4. The inferred locations of the
unconformity, the paleo-water table, and the associated vadose and phreatic zones are based on petrographic as well as
geochemical evidence.
well-cemented limestone at -33.5 m that could signify a paleo-water table, but the corresponding 
downsection shift toward heavier 513C and 8180  values is small (-6.1 to -4.4%<= and -4.3 to -3.6%0 
PDB, respectively). A stronger shift occurs around -34 m elev. between the well-cemented 
limestone at -33.5 m and a heavily leached limestone with numerous patchy to pore-filling equant 
LMC cements at -34.5 m, suggesting that the paleo-water table probably lay longer at this horizon. 
The 8,3C and 8'80  values are fairly constant in the underlying leached, patchily cemented 
limestone downsection to -43.5 m elev., then increase toward more marine values (+0.0 and 
-0.3%o PDB) at -45.0 m elev., where evidence of meteoric alteration and cementation is lacking.
Matrix and cement pairs were sampled at 14 horizons through MDZ 11 (Appendix G). The 
results do not differentiate more than one MDZ (Figs. 5.24A, 5.24B). In the inferred vadose zone 
above -34.0 m elev., the 8’3C and 8180  values of both matrix (-4.5±0.5 and -3.5±0.8%o PDB, 
respectively; n=3) and cements (-5.410.3 and -4.311.1%o PDB, respectively; n=3) are light. In the 
underlying inferred meteoric phreatic zone, the 8'3C and 8'80  values of both matrix (-0.610.6 and 
-0.9+0.5%o PDB, respectively; n=10) and cements (-1.410.6 and -2.8i0.5%o PDB, respectively; 
n=9) are markedly heavier and increase downsection, reflecting reduced meteoric alteration and 
cementation.
MDZ 12 is a 1 m-thick, undolomitized LMC limestone whose cap at 4.0 m elev. appears to be a 
karstic subaerial unconformity (Figs. 5.14, 5.15). The light 8,3C and 8’80  values (both -4.4%0 PDB) 
indicate stabilization and cementation in meteoric waters. Two isolated 1 m-thick horizons at 6.0 
and 10.0 m elev. have circumgranular equant LMC cements whose 813C and 5180  values (-7.4 and 
-2.4%0 PDB; -5.3 and -3.5%o PDB) confirm a meteoric origin. The cements are clearly post- 
dolomitization because they encrust the dolomite, but it is unclear whether they are part of a 
single MDZ or of two separate ones. No MDZ has therefore been defined in this interval.
MDZs 13 and 14 in cores DH4 and PB1 (Figs. 5.14,5.15) show the very light 8'3C and 8180  
values (MDZ 13: -5.110.8 and -4.4l0.2%o PDB, n=6; MDZ 14: -5.010.9 and -4.810.4%o PDB, n=8) 
that characterize the vadose zone developments in the Messinian-Zanclean intervals, yet they are 
rich in the patchy to circumgranular equant LMC cement that develops near or below the water
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table. Differentiation of either MDZ into vadose and phreatic zones on the basis of the existing 
petrographic or isotopic data cannot therefore be made.
5.6.3 Stable Isotope Geochemistry of the CaCO, Fraction in Core DH5
Figure 5.16 shows depth plots of the 813C and 5’aO values of the whole-rock CaC03 fraction in 
core DH5. The data are tabulated in Appendix E. The 813C values of the Tortonian-Messinian 
section (top at -72.5 m elev.) show a small overall decrease upsection from 0.0 to -0.4%» PDB (Fig. 
5.16). The values are particularly light (-1.5±0.2%o PDB, n=4) in the interval between -126.5 and 
-118.5 m elev. where the limestone is chalkified and bears small patches of equant LMC cement. 
In the lower Zanclean section, the values remain around -0.5%o PDB upsection to about -57.0 m 
elev., then abruptly become lighter (-5.0±1.4%o PDB, n=3) in the upper Zanclean. The light values 
at -55.5 to -54.5 m elev. (-4.2±0.6%o PDB, n=2) occur in a horizon that has been extensively 
cemented by circumgranular equant LMC; a cement patch at -55.5 m elev. was selectively 
sampled and gave a 813C value of -3.5%» PDB (Appendix G). The limestone at -33.5 m elev. also 
has a light value (-6.5%o PDB) and has been chalkified.
The 51sO values of the Tortonian- Messinian section show a small overall increase upsection 
toward heavier values from -3.0 to -2.5%» PDB (Fig. 5.16). The values are notably light (-3.6±0.4%o 
PDB, n=4) in the interval from -126.5 to -118.5 m elev. At the Messinian-Zanclean boundary 
(-72.5 m elev.), there is an abrupt shift toward heavier values (-1.1±0.2%» PDB, n=5) which persist 
upsection to -66.5 m. This interval is marked by small (< 7 wt.%) amounts of dolomite. In the -61.5 
to -58.5 m elev. interval, the 5180  values are lighter (-2.2±0.2%» PDB, n=4) coinciding with the 
presence of small amounts of circumgranular equant LMC cement. Above -58.5 m elev., the 8,80  
values are light (-3.7±0.5%o PDB, n=3). A patch of equant LMC cement sampled at -55.5 elev. has 
a 8180  value of -3.4%o PDB.
The stable isotopes support the petrographic evidence of meteoric diagenesis at MDZs 4,10  
(especially above -57.0 m elev.), and 11. The isotopic evidence of meteoric diagenesis at MDZ 
6/7 is not as clear (Fig. 5.25). The 813C values are comparatively heavy (-0.6±0.3%» PDB, n=9), 
whereas the 8'80  values are light (-2.910.1 %»PDB). The 8,3C and 8180  values of matrix (-0.510.3
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Figure 5.25 Geochemistry of whole-rock, matrix, and cement CaC03 in MDZ 6 or 7 of 
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and -2.8±0.5%o PDB, respectively) and cement (-0.1±0.3 and -3.0±0.1%o PDB, respectively) pairs 
(n=4 horizons) sampled from MDZ 6/7 are similar to the whole-rock values (Fig. 5.25). The 
petrographic evidence of meteoric diagenesis at MDZ 6/7 consists of extensive chalkification and 
small patches of equant LMC cement. By comparison to other MDZs in the cores, MDZ 6/7 in core 
DH5 probably represents a meteoric phreatic development whose corresponding vadose zone 
has been removed by erosion.
At MDZ 9, the best evidence of meteoric diagenesis are the comparatively light 5,80  values 
(-2.5±0.1%o PDB, n=4) and the abrupt downsection shift toward light 8180  values at -72.5 m elev. 
(Fig. 5.16). The 813C values are comparatively heavy (+0.0±0.1%o PDB) and the petrographic 
evidence is limited to small amounts of circumgranular equant LMC cement. The MDZ probably 
represents an erosionally truncated meteoric phreatic development.
5.6.4 Stable Isotope Geochemistry of the CaCO, Fraction in Core DH6a 
Stable isotopic data are available for only two limestones in core DH6a, at -342 and -449 m
elev. in the Lower Limestone Unit (Appendix E). The 813C and S180  values (0.9±0.1 and 
-0.3±0.1%o PDB, respectively; n=2) are near the mean of the Tortonian limestones in core DH4 
(0.8±0.3 and -0.8±0.7%o PDB, respectively) and imply that meteoric diagenesis either did not 
affect or was not widespread in the Lower Limestone Unit.
5.6.5 Stable Isotope Geochemistry of the CaCO, Fraction in Core DH7
Figure 5.17 shows depth plots of the 813C and 8’80  values of the whole-rock CaCO, fraction in 
core DH7, from which recovery was limited to the Messinian interval. The data are tabulated in 
Appendix E. The 8'3C values decrease upsection from +0.7%o PDB at the base of the core to a 
minimum of -2.5%o PDB at -100 m elev., then vary between about -2.5 and -0.6%o PDB (Fig. 5.17). 
Notable intervals with light 8'3C values occur at -114 to -96 m, -93 to -83 m, and -56.5 to -54.0 m 
elev.
The 8180  values decrease upsection from -0.6%o PDB at the base of the core to -2.5%o PDB at 
-115 m elev., then decrease sharply to -3.6%o PDB at -113 m elev. There is a long-term increase 
between -113 and -78.5 m elev., where the 5,80  value is -2.3%o PDB, followed by a decrease to
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around -3.3%o PDB at the top of the core. Notable intervals with light 5180  values are -114 to -96 m, 
-93 to -75 m, and -56.5 to -54.0 m elev.
The stable isotopic data support petrographic evidence of numerous meteoric diagenetic 
zones between -114 and -81 m elev., although differentiation into individual MDZs is difficult. 
MDZs 2 and 3 are tentatively separated at -122.5 m elev., where 8.5 m of chalkified limestone with 
comparatively lighter 8’80  values (-0.4±0.3 and -2.1±0.3%o PDB, respectively; n=9) are overlain by 
3 m of minimally leached limestones with heavy 8’3C and 8180  values (-0.210.1 and -1.5±0.4%o 
PDB, respectively; n=3). MDZs 3 and 4 are not isotopically distinct and differentiation must be 
based on petrographic evidence. MDZs 4 and 5 are tentatively separated at -104.5 m elev. on the 
basis of the downsection shift from relatively heavy 6'80  values (-2.6±0.3%o PDB, n=4) in the 
overlying 4 m of leached, well-cemented limestone to lighter 81sO values (-3.3±0.4%o PDB, n=5) in 
the underlying 6 m of leached, poorly-cemented limestone. MDZs 5 and 6 are separated by the 
interval between -95.5 and -93.2 m elev., which is marked by heavy 813C and 8,80  values (-0.610.2 
and -0.7i0.1%o PDB, respectively; n=3) along with limited meteoric leaching and cementation 
(Figs. 5.26A, 5.26B).
The MDZ 6/7 interval (-93.2 to -80.5 m elev.) has clearly undergone meteoric diagenesis 
based on light whole-rock 813C and 8180  values (-1.710.5 and -2.010.5 %o PDB, respectively; 
n=12), chalkification, and the sparse to abundant amounts of patchy to pore-filling equant LMC 
cement. The interval’s top at -80.5 m elev. is distinguished by a downsection shift to lighter 8’3C 
vaiues (-0.6 to -1.6%o PDB) which may signify a buried subaeriai unconformity (Fig. 5.26A). The 
interval is tentatively divided into two MDZs, 6 and 7, at -83.5 m elev. where a 1 m-thick cemented 
limestone overlies 2 m of chalkified, cement-poor limestone and there is a downsection shift 
toward lighter 813C values (-1.9 to -2.8%o PDB). The 8,3C and S180  values of matrix (-1.410.8 and 
-1.3l0.8%o PDB, respectively; n=13) and cement (-2.810.8 and -3.7!0.7%o PDB, respectively; 
n=11) pairs from the interval (Appendix G) confirm that the interval has undergone meteoric 
alteration and cementation, but do not clarify the differentiation of the two MDZs (Figs. 5.26A,
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Figure 5.26 Geochemistry of whole-rock, matrix, and cement CaC03 in MDZ 6 and 7 of core DH7. The inferred locations of the
unconformity, the boundary between the two MDZs, and the associated phreatic zones are based on petrographic as well as
geochemical evidence.
5.26B). The matrix and cement pair data show that the section below -93.0 m elev. lay near the 
lower limit of active meteoric diagenesis of MDZ 6, as indicated by limited leaching and 
cementation, and by the light 8’3C and 8180  values of two of the cements (-2.2±0.4 and -3.4±0.3%o 
PDB, respectively; n=2).
Over the section from -80.0 to -62.0 m elev., there are 4 excursions toward light 8,aO values 
(Fig. 5.17). The 813C values in most cases show minimal deviation from the general trend and the 
petrographic evidence of meteoric diagenesis is mixed. The interval from -71.0 to -65.5 m elev. 
offers a fair correspondence between the isotopic and petrographic data and is distinguished 
here as MDZ 8.
Located at -56.5 m to the top of the cored interval at -54.0 m elev., MDZ 9 is marked by light 
whole-rock 8'3C and 8’80  values (-2.7±0.4 and -3.4±0.4%o PDB, respectively; n=3) and numerous 
patches of equant LMC cement whose 8’3C and 8180  values (-3.5±1.3 and -4.4±1.2%o PDB, 
respectively; n=3) are lighter than those of the coexisting matrix (-1.0±0.9 and -1.9±0.2%o PDB, 
respectively; n=3) (Appendix G). The downsection shift toward heavier 8’3C and 8180  values at 
-56.5 m elev. (-2.2 to -0.8%o and -3.8 to -2.3%o PDB, respectively) coincides with the 
disappearence of equant LMC cements and chalkification and probably marks the base of MDZ 9 
rather than a paleo-water table.
5.6.6 Stable Isotope Geochemistry of the CaC03 Fraction in Core DH7a
The mean 813C and 8,80  values of 8 limestones from core DH7a are +1.0±0.3 and +0.2±0.3%o 
PDB (Appendix E), respectively, which are too heavy to be indicative of meteoric diagenesis. 
Although the core depths for the limestones are no longer available, Barrie (1992) implies that the 
samples are from the lower part of this 700 m-deep well. Extrapolation from the base of the DH4 
well using the Tortonian accomodation rate (62.1 m/my; Lu et al. 1996) suggests that the strata at 
the base of the DH7a well could be about 14.5 Ma in age, or near the Langhian-Serravallian 
boundary. The absence of meteoric diagenesis in the samples hints that emergence of the 
Mutaiau Platform during the early and pre-Tortonian may have been neither frequent nor 
pronounced.
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5.6.7 Stable Isotope Geochemistry of the CaC03 Fraction in Core PB2
Figure 5.18 shows depth plots of the 5,3C and 51B0  values of the whole-rock CaC03 fraction in 
core PB2. The data are tabulated in Appendix E. There are two intervals of limestone in the PB2 
core, both of which have light 813C and 6,aO values that are indicative of meteoric diagenesis (Fig. 
5.18). In the interval between -4.0 and 2.0 m elev., designated as MDZ 12, the 5'3C and 8180  
values average -6.8±1.4 and -4.9±1.8%o PDB, respectively (n=5). Primary and secondary pores 
are extensively lined by post-dolomitization scalenohedral LMC cements.
The interval between 20.2 and 27.0 m elev., designated as MDZ 13, has 813C and 8180  values 
that average -4.6±0.4 and -4.3±0.4%o PDB, respectively (n=7). Circumgranular to pore-filling 
equant LMC cements are common to abundant.
5.6.8 Stable Isotope Geochemistry of the CaC03 Fraction at the Amanau Quarry
Figure 5.19 shows depth plots of the 813C and 5,80  values of the whole-rock CaC03 fraction in 
the composite section at the Amanau quarry. The data from these sections and other samples 
collected in the quarry are tabulated in Appendix E. In the section, the 5,3C values vary between 
-6.4 and 0.2%o PDB, whereas the 8180  values vary between -4.9 and -1.9%0 PDB (Fig. 5.19). The 
isotopic values are heavy where early porosity reduction by marine fibrous and bladed CaC03 
cements and internal sediments inhibited later passage of meteoric fluids. Intervals with light 
isotopic values (e.g., 26.8-27.1 and 40.2-43.3 m elev.) are more porous and contain calcitized 
corals, equant LMC cement, and vuggy porosity that are consistent with meteoric diagenesis. No 
differentiation into discrete meteoric diagenetic zones is apparent from the present sampling 
density.
Elsewhere in the quarry, the 513C values of 27 whole rock samples average -2.0±1.6%» PDB 
and range from -6.1 to +2.0%o PDB (Appendix E). The 8180  values average -3.0±1.0%o PDB and 
range from -5.3 to -0.6%o PDB. Thin sections augmented in a few cases by XRD analysis indicate 
that dolomite constitutes < 3 mole% in these samples; sample LSU1-2/4 contains 99 mole% 
dolomite and is omitted from the above isotopic averages. The stable isotopic results confirm
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petrographic observations that meteoric diagenesis of the Mutalau platform margin in the form of 
equant LMC cements and calcitization of aragonitic bioclasts is widespread but variable in degree.
5.6.9 Stable Isotope Geochemistry of the CaCO, Fraction at the Interior Quarries
Whole-rock samples of 22 limestones from four quarries in the southern and southwestern 
flank of the Mutalau basin were analyzed for their stable isotopic composition (Appendix E). The 
8,3C values average -3.5±1.7%o PDB and range from -7.0 to -0.2%o PDB, whereas the 8,80  values 
average -4.8±0.7%o PDB and range from -5.8 to -3.1%o PDB. The light isotopic values exhibited by 
all of the limestones, together with the equant LMC cements present in the samples, are 
evidence of meteoric diagenesis. At site P3, the values are notably lighter in the upper 1.5 m, 
where the grainstones are well-cemented by coarsely crystalline equant calcite, than in the lower 1 
m, where cementation is limited to 1-2 cm diameter patches of equant calcite. In general, the 
results point to alteration and cementation of the surficial sediments in the Mutalau basin by 
meteoric diagenesis.
5.6.10 Stable Isotope Geochemistry of Bivalves From the Quarries
The stable isotopic compositions were measured for 18 bivalve shells from quarries in the 
Plio-Pleistocene limestones of Niue’s platform interior (Fig. 3.1), 3 shells from the modern fringing 
reef, and 4 shells from the modern lagoon on Tongatapu, Tonga (Appendix F). The bivalves are 
Codakia, Gafrarium, Tridacna (M. Taviani, pers. comm. 1996), and a large (up to 27 cm long by 18 
cm wide), thick-wailed (< 2 cm) mussel whose identification is unknown. Alteration of the fossil 
shells was limited to chalkification of the top few mm of the outer surfaces of the mussels, which 
was ground away prior to collecting the samples for analyses. A valve from each of two mussels 
(LSU2-WC4 and LSU2-WC5) was cut into four quarters; three of the quarters from each valve was 
analyzed. The mussel ligaments are aragonite-rich, consequently the aragonite fraction of the 
ligaments from three mussels was also analyzed.
The 24 samples from the Plio-Pleistocene bivalves form two clusters toward the marine end of 
the limestone sample population (Fig. 5.21) despite having been collected from sites whose 
limestones usually show petrographic and stable isotopic evidence of meteoric diagenesis. The
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Codakia, Gafrarium, and Tridacna shells have 513C and 8’80  values centered at +2.5 and +0.5%o 
PDB, respectively, which are similar to the measured values of the modem shells (Appendix F). 
The 813C and 8180  values of the mussels center at -0.7 and -0.7%o PDB, respectively, and are 
mostly within the marine range. The exception is WC ligament-2, whose 8’80  value of -2.2%o PDB 
may reflect some meteoric diagenesis. The minimal alteration of the bivalves can be attributed to 
their shell thicknesses and does not contradict the inference of widespread meteoric diagenesis 
of the surficial sediments in the Mutalau basin.
5.7 Elemental Geochemistry of the CaC03 Fraction
5.7.1 Introduction
Elemental (Ca, Mg, Sr) concentrations of the CaC03 fraction were measured in whole-rock 
samples from cores DH4, DH5, and DH7 (Appendix H), as well as in matrix and cement pairs from 
cores DH4 and DH7 (Appendix G). Whole-rock Mg concentrations average 1.2±0.4 wt.% (n=148) 
and range from 0.6 to 2.4 wt.%, corresponding to a mean of 2.0±0.6 mol% MgC03 and a range of 
0.9 to 3.9 mol% MgC03. Whole-rock Sr concentrations average 668±442 ppm (n=148) range 
from 145 to 4155 ppm. Expressed as molar ratios and including the leachate results, the Mg/Ca 
molar ratios average 22.1±7.9x103 (n=180) and range from 3.3 to 50.6x103, whereas the Sr/Ca 
molar ratios average 0.89±0.53x103 (n=180) and range from 0.18 to 5.03x103.
Modem shallow-marine carbonate sediments contain on average 5 mol% MgC03 and range 
from 0 to 10 mol% (Chave 1954). In the HMC fraction, the average Mg concentration is 14 mol% 
and ranges from 5 to 18 mol% (Morse and Mackenzie 1990). The range in Mg/Ca molar ratios 
defined by these two means is 50 to 140x103. Sr concentrations in modem shallow-water 
carbonates range from about 100 to 10,000 ppm (or Sr/Ca molar ratios of 0.1 to 11.7x103) and are 
particularly high (> 8000 ppm) in aragonitic bioclasts (e.g., corals, Halimeda) and nonskeletai grains 
(Veizer 1983).
The measured Mg and Sr concentrations and the Mg/Ca and Sr/Ca molar ratios of the Niue 
limestones are generally below those of modem metastable shallow-marine carbonates. Figure 
5.27 is a crossplot of the Mg/Ca and Sr/Ca molar ratios in the core limestones, differentiated
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Figure 5.27 Crossplot of whole-rock CaC03 Mg/Ca and Sr/Ca molar ratios from the 
cores and the Fonuakula well. Samples from the cores are differentiated according to their 
ages.
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according to depositional age, and in 15 limestones from the Fonuakula well (data from Rodgers 
et al. 1982) which are probably Piacenzian in age (see section 3.5.2). Virtually all of the Mg/Ca 
molar ratios are below those of modem carbonate sediments, whereas the Sr/Ca molar ratios are in 
the low end of the range for modern sediments. The Messinian-Piacenzian limestones generally 
have low Mg/Ca and Sr/Ca molar ratios, although some Messinian limestones have higher Sr/Ca 
molar ratios. The Fonuakula well samples have high Mg/Ca and low Sr/Ca molar ratios, although in 
a few samples this is reversed. In the Tortonian limestones, the Mg/Ca molar ratios vary over a wide 
range whereas the Sr/Ca molar ratios have a narrow range. The Mg and Sr concentrations and 
Mg/Ca and Sr/Ca molar ratios observed in the Niue limestones are consistent with the progressive 
loss of Mg and Sr during stabilization to LMC limestone.
Conversion of metastable carbonate sediments to LMC limestone in meteoric groundwaters 
occurs by incongruent dissolution (Lohmann 1988). The carbonate minerals dissolve until the 
fluid is saturated with respect to LMC, at which point the fluid remains undersaturated with respect 
to HMC and aragonite. LMC dissolution ceases, but continued dissolution of HMC and aragonite 
supersaturates the fluid with respect to LMC and leads to concurrent LMC precipitation.
Dissolution and precipitation cease when all of the metastable phases have been consumed. Up 
to the point of LMC saturation, the fluid Mg/Ca and Sr/Ca molar ratios are the same as the 
weighted mean of the dissolved phases. Once LMC precipitation begins, the molar ratios in the 
fluid increase with respect to those in the dissolving phases, whereas the molar ratios in the 
precipitating LMC are lower than in either the fluid or the dissolving phases. This is because the 
LMC-water distribution coefficients of both Mg and Sr are < 1, such that both are preferentially 
excluded from the precipitating LMC and tend to remain in the fluid. The net effect of the 
conversion of metastable carbonate sediments to LMC limestone in meteoric groundwaters is 
lower Mg and Sr concentrations in the limestone.
How much lower the Mg and Sr concentrations are in the LMC is affected by how quickly the 
fluid moves through the pore system and where the LMC is in the flow path. In rapidly moving 
systems and/or early down the flow path, the porewaters have mediated few dissolution-
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precipitation reactions, consequently the fluid Mg/Ca and Sr/Ca molar ratios are low and the 
precipitated LMC has low Mg and Sr concentrations. In sluggishly moving systems and/or further 
down the flow path, the porewaters have mediated more dissolution-precipitation reactions, 
acquiring higher fluid Mg/Ca and Sr/Ca molar ratios which lead to LMC with higher Mg and Sr 
concentrations.
Figure 5.22D shows the Mg and Sr concentrations in a LMC limestone undergoing meteoric 
alteration of metastable carbonate sediments in a warm, moderately humid climate such as Niue 
relative to the concentrations in the unaltered sediments. The concentrations decrease 
downsection through the meteoric vadose zone as the fluid reaches LMC saturation and the 
proportion of precipitated LMC (as cement and recrystallized components) increases (James and 
Choquette 1984). The concentrations are lowest in the capillary and upper meteoric phreatic 
zone, where the most intense cementation and recrystallization are concentrated (Moore 1989). 
The concentrations increase as alteration diminishes through the lower meteoric phreatic and 
meteoric-marine mixing zones and are unaltered in the marine phreatic zone. The diagram also 
shows that the intervals with low Mg and Sr concentrations are the same as those with light 5'3C 
and S180  values.
If the lowered Mg/Ca and Sr/Ca molar ratios in the Niue limestones are due to meteoric 
diagenesis, then the ratios should decrease as the 8’3C and S,sO values become lighter. 
Crossplots of these parameters confirm this hypothesis. Figure 5.28 shows that lower Mg/Ca 
molar ratios in the limestones coincide with lighter 8,3C and 8’80  values. Figure 5.29 reveals that in 
the Messinian-Piacenzian limestones, lower Sr/Ca molar ratios coincide with lighter 513C values 
(Fig. 5.29A). The relationship with the 5180  values is more complex in that the Messinian-Zanclean 
data resolve into two populations that each show covariance between the molar ratios and the 
5'80  values (Fig. 5.29B). One population extends from comparatively high Sr/Ca molar ratios to 
low values across a narrow range in 8’80  values and consists dominantly of Messinian limestones. 
The other population, composed of Zanclean and Messinian limestones, is characterized by low 
Sr/Ca molar ratios and a wider range in 5180  values. The difference in Sr/Ca molar ratios could
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Figure 5.28 Crossplots of whole-rock CaC03 Mg/Ca molar ratios versus A) 5,3C and B) 
5'aO in the cores and the Fonuakula well. Samples from the cores are differentiated by 
age.
191






















-8 □ Tortonian j♦ o Messinian
♦ Zanclean
-10










♦ ♦ □ 0  0 0  o
:• n iT “ ,  • •
; • ? • • •  v * * t  ••• #•, • • •  •*
1 2 
Sr/Ca x103
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5180  in the cores and the Fonuakula well. Samples from the cores are differentiated by 
age.
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reflect a difference in the original sediment composition between Sr-poor grains (foraminifer and 
mollusk-dominated) and Sr-rich grains (coral-dominated). Coral debris is more common in the 
Messinian section, particularly in core DH7, than in the Zanclean section (Figs. 4.3-4.S). In the 
Tortonian limestones, the Sr/Ca molar ratios vary within too narrow a range for any covariance with 
either 813C or 5'80  values to be apparent. The Piacenzian limestones demonstrate a wide variation 
in Sr/Ca molar ratios with corresponding narrow ranges in 513C and 8’80  values. This probably 
reflects the fact that the Piacenzian limestones often consist of aragonitic and LMC components 
cemented by meteoric LMC.
The following three sections focus on the elemental geochemistry of the limestones in each 
of the three cores analyzed and on the implications for the diagenetic history of the limestones.
5.7.2 Elemental Geochemistry of the CaC03 Fraction in Core DH4
Mg concentrations in the DH4 core average 1.1±0.4 wt.% (n=71) and range from 0.6 to 2.1 
wt.%, corresponding to a mean 1.8±0.6 mol% MgC03 and range of 0.9-3.4 mol% MgC03 
(Appendix H). The concentrations indicate that HMC components have probably been stabilized 
to LMC throughout the section. Sr concentrations average 733±579 ppm (n=71) and range from 
145 to 4155 ppm (Appendix H).
Figure 5.30 shows the distribution of Mg and Sr in the core expressed as molar ratios against 
Ca. In the Tortonian section below -185.0 m elev., the Mg/Ca ratios show considerable variability 
from 3.3 to 50.6x103 (n=20) that may be attributable to variable abundance of: 1) originally HMC 
bioclasts such as coralline red algae, and 2) contamination from coexisting dolomite. In the upper 
Tortonian section (top at -164.0 m elev.), the ratios occupy a narrower range of 26.7-47.4x103, 
with a mean of 32.8±5.1x103 (n=13). In the Messinian section (top at -59.0 m elev.), the ratios are 
lower, having a mean of 14.5±2.6x103 and a range of 9.4-21.1x103 (n=34). The ratios are 
particularly low (mean 9.8±0.7x103; n=4) between -63.0 and -59.0 m elev. (MDZ 9), where there is 
petrographic and stable isotopic evidence of meteoric diagenesis. In the Zanclean section to 
-34.0 m elev., the Mg/Ca ratios are comparatively high with a mean of 25.4±3.7x103 and a range of 
20.1-35.3x103 (n=22). The ratios are low (20.9±0.8 x103; n=3) between -50.0 and -47.0 m elev.
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Figure 5.30 Diagenesis and Mg/Ca and Sr/Ca molar ratios of the CaC03 fraction in the DH4
weil (core hole 4 in Fig. 3.1). See Fig. 5.14 for the legend.
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(MDZ 10) and particularly low (12.8±2.2 x103; n=4) between -34.0 and -22.0 m elev. (MDZ 11). 
both intervals that show petrographic and stable isotopic evidence of meteoric diagenesis. In the 
undolomitized Piacenzian interval at 17.0 to 26.0 m elev., as well as in the meteoric cement at 3.0 
m elev., the ratios are also low (16.6±4.1x103; n=9).
Unlike the Mg/Ca ratios, the Sr/Ca ratios generally show little variability over the Tortonian 
section, with a mean of 1.29±0.25x103 (n=33). The Messinian section shows more variability, 
ranging from 0.21 to 2.21 x103 and showing three maxima at -167.0 to -139.0, -91.0 to -86.5, and 
-76.5 to -65.0 m elev. The cause of the maximum in the basal Messinian is unclear, but the second 
maximum occurs in an interval rich in molds of bivalves and coral whose dissolution could have 
supplied Sr to the surrounding sediments. The upper maximum at -76.5 to -65.0 m elev. consists 
of micrite-rich packstones and wackestones whose lower permeability may have helped to protect 
the interval from meteoric alteration. A subtle maximum also occurs over this interval in the Mg/Ca 
ratios and in the 813C and 8180  values (Fig. 5.15). A minimum (0.24±0.04x103; n=4) occurs 
between -63.0 and -59.0 m elev. (MDZ 9), coinciding with the minimum observed in the Mg/Ca 
ratios. The Sr/Ca ratios in the Zanclean section are low (0.46±0.15x103; n=26), particularly 
between -34.0 and -22.0 m elev. (MDZ 11), where petrographic, stable isotopic, and Mg/Ca molar 
ratio data point to meteoric diagenesis. In the undolomitized Piacenzian interval at 17.0 to 26.0 m 
elev., there is a considerable range in Sr/Ca ratios from 0.28x103 to 5.03 x103 due to the presence 
of unaltered aragonitic coral debris at 17.0,19.0, and 24.0-25.0 m elev.
The elemental compositions of matrix and cement pairs were measured at MDZs 9 and 11 
(Appendix G). In MDZ 9, pairs were analyzed at 2 horizons on either side of the paleo-water table 
(-63.5 m elev.) inferred from stable isotope and petrographic data (Figs. 5.23C, 5.23D). The 
Mg/Ca and Sr/Ca molar ratios of both the matrix and the cements mimic the downsection shift 
toward higher ratios observed in the whole-rock samples, as well as the downsection shift toward 
heavier 813C and 8’80  values. The ratios are consistent with MDZ 9 representing an interval of 
metastable carbonate sediments that underwent stabilization to LMC limestone in a meteoric lens 
and with the preservation of a fossil water table at -63.5 m elev.
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In MDZ 11, matrix-cement pairs were measured at 5 horizons near and below the inferred 
paleo-water table (-33.8 m elev.) (Figs. 5.24C, 5.24D). The results of both the matrix and cements 
generally are close to the whole-rock results. The Mg/Ca molar ratios of the whole-rock, matrix, and 
cements (12.8±2.2x103, n=4; 11.6x103, n=1; 12.7x103, n=1; respectively) are lower above the 
paleo-water table than below it (26.4±4.2x103, n=12; 23.9±2.0x103, n=4; 21.1±0.5x103, n=4; 
respectively). The Sr/Ca molar ratios of the whole rock, matrix, and cements (0.28±0.10x103, n=4; 
0.37x103, n=1; 0.45x103, n=1; respectively) are slightly lower above the paleo-water table than 
below it (0.48±0.09x103, n=12; 0.42±0.03x103, n=4; 0.48±0.01x103, n=3; respectively). The low 
ratios are consistent with MDZ 11 representing meteoric stabilization of metastable carbonate 
sediments and with the existence of a fossil water table at -33.8 m elev.
5.7.3 Elemental Geochemistry of the CaCO, Fraction in Core DH5
Only two limestones from the DH5 core were analyzed, both in the Messinian section: at -78.4 
and -154.4 m elev. The Mg concentrations average 1.0±0.2 wt.% and range from 0.9 to 1.2 wt.% 
(Appendix H). The values correspond to 1.8±0.3 mol% MgCO,, indicating transformation of the 
metastable sediment precursors to LMC limestone. The Mg/Ca molar ratios average 17.9±3.6x103 
and range from 15.3 to 20.5x103. The ratios are in the upper range observed in the DH4 
Messinian section, suggesting that the DH5 samples are from horizons with minimal meteoric 
alteration. The lower sample occurs in a leached limestone that has patches of equant LMC 
cement and a 81sO value of -3.0%o PDB, both indicative of meteoric diagenesis, although the 5'3C 
value of -0.1%o PDB is comparatively heavy. The upper sample occurs in a leached limestone that 
lacks meteoric cements and has heavier 5,3C and 8,80  values (0.1 and -2.4%0 PDB, respectively), 
suggesting that it was less subject to meteoric alteration.
The Sr concentrations average 968±295 ppm and range from 760 to 1177 ppm (Appendix 
H). The Sr/Ca molar ratios average 1.18±0.36x103 and range from 0.92 to 1.43x103. This places 
the samples in the mid-range of the DH4 Messinian section, neither heavily altered by nor spared 
from meteoric alteration.
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5.7.4 Elemental Geochemistry of the CaC03 Fraction in Core 0H7
Mg concentrations in the DH7 core average 1.3±0.3 wt.% (n=75) and range from 0.8 to 2.4 
wt.% (Appendix H), corresponding to 2.1 ±0.5 mol% MgC03. The concentrations indicate a 
general transformation of the section to LMC limestone. Sr concentrations average 599±244 ppm 
(n=75) and range from 270 to 1269 ppm.
The Mg/Ca molar ratios in the lowermost Messinian section from -158.0 to -131.5 m elev. are 
comparatively high, averaging 32.7±7.6x103 (n=5) (Fig. 5.31). The highest ratios correspond not 
with the horizons with the most dolomite, but rather with those containing the least. The source of 
the high Mg/Ca ratios appears to be partial preservation of coral and bivalve debris; the sample at 
-137.9 m elev. contains 6 mole% aragonite due to the presence of thick-walled bivalves. In the 
remainder of the Messinian, the Mg/Ca ratios vary within a narrow range, averaging 20.9±4.0x103 
and ranging 13.0-30.5x103 (n=71). Maxima occur at -97.0 to -93.0 m and -83.0 to -56.0 m elev. 
that correspond with intervals with minimal petrographic and stable isotope evidence of meteoric 
diagenesis. Intervals with the lowest Mg/Ca ratios, e.g. at -113.0 to -111.0 m, -92.5, and -56.0 to 
-53.0 m elev., are distinguished by patches of circumgranular to pore-filling equant LMC cement 
indicative of meteoric diagenesis.
The Sr/Ca ratios are comparatively high in the Messinian section below -102.5 m elev., 
averaging 1.02±0.18x103 and ranging 0.73-1.51 x103 (n=29) (Fig. 5.31). The cause is probably 
the abundant moldic coral debris; apparently either traces of the aragonite have survived or some 
of the Sr leached out during dissolution of the corals was emplaced in the adjacent stabilized 
limestones. Intervals with low ratios, such as at -122.5 to -119.5 m and -116.0 to -110.0 m elev., 
occur in leached limestones containing numerous patches of equant calcite cement. In the upper 
Messinian section, the ratios are lower, averaging 0.54±0.18x103 and ranging 0.32-1.02x103 
(n=47). Maxima at -79.5 to -75.5 m and -66.5 to -55.5 m elev. occur in intervals with little 
petrographic or stable isotopic evidence of meteoric diagenesis, whereas the surrounding minima 
at -102.5 to -79.5 m, -75.5 to -66.5 m, and -55.5 to -53 m elev. coincide with leached intervals with 
patches of equant LMC cement and light 513C and 51S0  values.
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Figure 5.31 Diagenesis and Mg/Ca and Sr/Ca molar ratios of the CaC03 fraction in the 
DH7 well (core hole 7 in Fig. 3.1). See Fig. 5.14 for the legend.
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The Mg/Ca and Sr/Ca molar ratios are consistent with the meteoric diagenetic zones defined 
on the basis of petrography and 513C and 8180  values. The Mg/Ca molar ratios are low 
(18.8±2.7x103, n=30) between -131.5 and -96.0 m elev., which closely corresponds with MDZs 2, 
3, 4, and 5 (Fig. 5.31). With respect to the Sr/Ca molar ratios in the same interval, three maxima 
occur where meteoric alteration was limited to dissolution (-125.0 to -122.5 m, -119.0 m, -110.0 to 
-103.5 m elev.), whereas there are minima where both meteoric cementation and leaching 
occurred. For example, in MDZ 4 (-115.0 to -104.0 m elev.), the vadose interval (leached, above 
-110.0 m elev.) has higher Mg/Ca and Sr/Ca molar ratios (16.7±0.7x103 and 1.20±0.22x103, 
respectively; n=4) than the phreatic interval (cemented, below -110.0 m elev.) (16.2+3.6x103 and 
0.78±0.06x103, respectively; n=4). A sharp downsection decrease to lower ratios occurs at the 
vadose-phreatic boundary. In MDZ 5 (-103.5 to -95.0 m elev.), the Mg/Ca molar ratios are 
comparatively high (20.5±4.2x103, n=6) in the vadose zone (above -100.0 m elev.) and are low 
(15.0±0.9x103, n=2) in the phreatic zone. The Sr/Ca molar ratios are low throughout 
(0.46±0.15x103, n=8).
The Mg/Ca molar ratios are comparatively low (20.1±3.1x103; n=11) between -93.0 and -82.0 
m elev., which corresponds with all but the uppermost 1 m of MDZs 6 and 7 (Fig. 5.26C). The 
Sr/Ca molar ratios are almost uniformly low through the interval (0.45±0.08x103) (Fig. 5.26D).
Matrix and cement pairs from 6 horizons in the interval (Appendix G) reveal that the cements 
generally have lower Mg/Ca ratios (13.8±6.4x103, n=6) than either the matrix (24.6±2.0x103) or 
the whole rock (Fig. 5.26C), whereas the Sr/Ca ratios of the cement and matrix (0.53±0.15x103 
and 0.40±0.01x103, respectively; n=6) are similar to one another and to the whole-rock (Fig. 
5.26D). The lowered cement Mg/Ca results are consistent with precipitation of the cements from 
meteoric pore waters. Neither the whole-rock nor the matrix-cement data serve to differentiate 
MDZs 6 and 7 into two meteoric diagenetic zones.
At MDZ 8 (-71.0 to -65.5 m elev.), the Mg/Ca and Sr/Ca molar ratios are lower (23.9±1.5x103 
and 0.65±0.18x103, respectively; n=3) over the portion of the zone (-68.5 to -65.5 m elev.) which 
best displays both meteoric cements and leaching (Fig. 5.31). At MDZ 9 (above -56.5 m elev.), the
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Mg/Ca and Sr/Ca molar ratios are generally low (15.2±0.8x103 and 0.58±0.26x103, respectively; 
n=3). Matrix and cement pairs from 3 horizons (Appendix G) reveal that the cements have lower 
Mg/Ca molar ratios (10.6±5.4x102) than either the matrix (22.1 ±2.7x103) or the whole rock. The 
Sr/Ca molar ratios of the cements (0.62±0.28x103) and matrix (0.56±0.22x103) are similar to those 
of the whole rock. The results are consistent with precipitation of the cements from meteoric pore 
waters.
S.8 Insoluble Residue in Core DH4
Previous studies of the insoluble residue in Niue carbonates have focused upon the Fe- 
oxide minerals in the inorganic fraction (Fieldes et al. 1960; Aharon et al. 1987; Whitehead et al. 
1992) which have been estimated to constitute up to 2 wt.% of the whole rock (Whitehead et al. 
1992; Dickson 1993). Limited evidence suggests that the Fe-oxides may be more abundant in 
the dolomites than in the limestones (Aharon et al. 1987). Earlier studies have also found that the 
organic fraction in the DH4 core is thermally mature at depths as shallow as -250 m elev. and is 
immature down to at least -100 m elev. (Whitehead et al. 1990; Barrie 1992).
In this study, the proportion of insoluble residue in the platform interior carbonates was 
determined in core DH4. The insoluble residue averages 0.09±0.07 wt.% and ranges from 0.01 
to 0.47 wt.% (n=175) (Appendix I). The proportion of insoluble residue in the Tortonian section 
(0.10±0.04 wt.%; n=70) is slightly higher than is typical in the Messinian-Calabrian section 
(0.07±0.04 wt.%; n=98) (Fig. 5.32). The latter average excludes 7 anomalously high values at 
-120.0 m and between -85.0 and -59.0 m elev.
The mineral composition of the insoluble residues was not differentiated. However, below 
about -163.0 m elev., the insoluble residues commonly include an oily wax. Examination of two 
insoluble residues by fluorescence microscopy revealed that the wax at -220.0 m elev. is a 
thermally mature, algal-derived kerogen, whereas the wax at -164.0 m elev. is less thermally 
mature and contains some terrestrial organics (B. Gregory 1990, pers. comm.).
The 8'3C values of the organic fraction of the insoluble residue overall average -22.0±2.4%o 
PDB and range from -26.8 to -16.5%o PDB (n=130) (Appendix I). The values in the middle
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Figure S.32 Insoluble residue weight % and 813C of the organic fraction in the insoluble 
residue, DH4 well (core hole 4 in Fig. 3.1). See Fig. 5.14 for the legend.
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Tortonian section between -236.0 and -185.0 m elev. are somewhat heavier (-19.6±2.2%o PDB; 
n=33) than in either the lower (-22.0±1.4%o PDB; n=20) or the upper Tortonian section 
(-22.2±2.7%o PDB; n=17) (Fig. 5.32). The 8'3C values in the Messinian-Calabrian section (above 
-164.0 m elev.) are on average lighter (-23.2±1.7%o PDB; n=60) with two exceptions: 1) between 
-78.5 and -65.0 m elev. (-19.7±1.3%o PDB; n=5), and 2) between 0.0 and 10.0 m elev.
(-21.7±1.8%o PDB; n=6).
A crossplot of insoluble residue wt.% against dolomite mole% shows no significant covariance 
between the two parameters (Fig. 5.33A). This is contrary to the observation in the Fonuakula well 
that the amount of Fe-oxides increases with more thorough dolomitization (Aharon et al. 1987), 
although other components of the insoluble residue could mask variations in the Fe-oxide 
fraction.
The variations in insoluble residue wt.% and 813C values of the organic fraction are attributable 
to the interplay between a marine origin for the initial organic fraction, alteration of the organic 
fraction by meteoric processes, and perhaps thermal maturation. In the middle Tortonian section 
(-236.0 to -185.0 m elev.), the mean 813C value of the organic fraction (-19.6%» PDB) is 
indistinguishable from the mean 8’3C value (-20%o PDB) of tropical phytoplankton (Sackett 1989). 
Individual 513C values are commonly as heavy as -18 %»PDB, however, implying that additional 
components are present in the organic fraction. A likely candidate is seagrass detritus, whose §’3C 
values range from -13 to -3%o PDB (Fry et al. 1977). Seagrass beds are common in atoll and barrier 
reef lagoons (Bathurst 1971). The typical and heavy 813C values throughout the Tortonian section 
(Fig. 5.32) can therefore be attributed to variable mixtures of tropical phytoplankton and seagrass 
organics.
The light 8,3C values in the Tortonian section below -236.0 m elev. and at three thin intervals 
(-235.0 to -233.0 m, -185.0 to -183.0 m, -167.0 to -163.0 m elev., henceforth called A, B, and C) 
in the middle and upper Tortonian could be due to: 1) degradation during meteoric diagenesis, 2) 
input of terrestrial plant organics, or 3) thermal maturation. Degradation during meteoric 
diagenesis can be eliminated as a factor based on the lack of petrographic, stable isotopic, or
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Figure 5.33 Crossplots of the weight % of insoluble residue in whole-rock carbonates 
in the DH4 core versus A) the proportion of dolomite, and B) the 8,3C values of the 
organic fraction in the insoluble residue.
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elemental geochemical evidence of meteoric diagenesis in the Tortonian section. Terrestrial plant 
organics could have been washed into the lagoon from islands developed on the reef-lagoon 
margin through sediment accumulation and/or relative sea level falls. Terrestrial plant organics 
were observed in interval C at -164.0 m elev. (B. Gregory 1990, pers. comm.). Furthermore, the 
organic fraction 5,3C values in intervals A, B, and C (-25.5±1.7%o PDB, n=2; -25.6±1.7%o PDB, 
n=2; -24.6±1.4%o PDB, n=4; respectively) are only slightly heavier than the mean 8,3C value of 
terrestrial plant organics (-27%® PDB; Sackett 1989). Finally, the presence of thermally mature 
kerogen at -220.0 m elev. (B. Gregory 1990, pers. comm.) suggests that the light values could be 
attributed to thermal maturation of the organics. The 813C values of the organic fraction below 
-236.0 m elev. average -22.0%» PDB and range from -25.4 to -20.0%o PDB, within the range of 
thermally mature kerogen (-25 to -22%o PDB; Galimov 1980). However, the 813C value of the 
sample at -220.0 m elev. is only -17.7%o PDB, suggesting that either the level of thermal maturity is 
low and/or that a large fraction of the organics were derived from seagrasses. A definitive answer 
to the cause of the light 813C values in the Tortonian section requires a more intensive and 
quantitative analysis of the kinds of organic matter present.
In contrast to the Tortonian section, the organic fraction of the post-Tortonian section 
probably displays the impact of meteoric diagenesis. The initial sources for the organics were 
probably marine phytoplankton and seagrass detritus because the heaviest 813C values observed, 
in the two intervals from -78.5 to -65.0 m elev. and from 0.0 to 10.0 m elev., average -20.8±1.8%o 
PDB (n=11). The 8'3C values of most of the post-Tortonian section are light (mean -23.2±1.7%o 
PDB; n=60) and could reflect: 1) degradation during meteoric diagenesis, 2) input of terrestrial 
plant organics, or 3) thermal maturation. Thermal maturation can be rejected as a factor based on 
the absence from the post-Tortonian section of the oily wax that is characteristic of the mature 
interval in the Tortonian section. The petrographic, stable isotopic, and elemental geochemical 
evidence of extensive meteroric diagenesis in the post-Tortonian section makes both 
degradation by meteoric diagenesis and the input of terrestrial plant organics likely. The mean 5’3C 
value of the post-Tortonian section (-23.2±1.7%0 PDB; n=60) is shifted from the 813C value of
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marine phytoplankton toward the 8'3C value of terrestrial organics (-20%o and -27%« PDB, 
respectively; Sackett 1989). Furthermore, a crossplot of insoluble residue wt.% versus organic 
fraction 8,3C values of the DH4 core suggests that there is a correspondence in the post- 
Tortonian section between light 8'3C values and low insoluble residue wt.% (Fig. 5.33B) that could 
reflect oxidation and destruction of the organics during meteoric diagenesis.
The best illustration of the potential relationship between meteoric diagenesis, light organic 
fraction 813C values, and low insoluble residue wt.% occurs around MDZ 9. In the 11 m-thick 
section immediately below the base of MDZ 9 (-65.0 m elev.), there is no petrographic, stable 
isotopic, or elemental evidence of major meteoric diagenesis. The 813C values of the organic 
fraction within this interval (-19.7±1.3%o PDB; n=5) approximate the mean for tropical marine 
phytoplankton (-20%o PDB; Sackett 1989) and the insoluble residue is low (0.07±0.02 wt.%; 
n=5). Within MDZ 9, the organic fraction 8,3C values (-24.7±1.0%o PDB; n=4) approach terrestrial 
organic values (-27%o PDB; Sackett 1989). The insoluble residue wt.% is particularly low 
(0.05±0.01 wt.%; n=2) in the paleo-vadose zone of MDZ 9, but is high (0.43±0.07 wt.%; n=3) in 
the cemented interval below -61.5 m elev. that coincides with the paleo-water table. This pattern 
suggests that terrestrial organic matter from the soil horizon was washed into the meteoric 
diagenetic zone, where it became a significant portion of the organic fraction. Both marine and 
terrestrial organics were largely oxidized in the vadose zone, whereas meteoric cementation near 
the paleo-water table enclosed and preserved more of the organic fraction.
A similar pattern may occur in MDZs 4, 6/7, and 10, although the fragmentary core record over 
these intervals renders this interpretation tentative. The pattern is not apparent in MDZ 11 or 
higher in the section, although the heavy 813C values (up to -19.4%0 PDB) at -20.0 and between 
0.0 and 10.0 m elev. indicate the presence of marine organics and suggest that the organic 
fraction was better preserved in these intervals. Repeated and overlapping episodes of meteoric 
diagenesis accompanying the Plio-Pleistocene glaciations may have lead to the oxidation of 
organic matter once preserved in the cemented zones of MDZs 11-14.
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5.9 Summary
The petrographic, carbonate stable isotopic and elemental geochemistry, and insoluble 
residue data concur that the Tortonian sediments of the platform interior experienced minimal 
early marine diagenesis following their deposition. They were subsequently stabilized to LMC 
limestone without the influence of meteoric diagenesis, but rather by marine-derived fluids 
circulating deep within the platform.
The Messinian and Zanclean sediments of the platform interior likewise experienced little early 
marine diagenesis, but have been heavily altered by meteoric diagenesis within 11 zones that are 
largely correlative across the platform (Fig. 5.20). These MDZs record periods of relative sea level 
lowstands when the platform became subaerially exposed and a meteoric lens developed within 
the carbonate platform. Each MDZ must have developed following deposition of the host section 
and prior to deposition of the overlying section because the intervals overlying the MDZs lack 
petrographic or geochemical evidence of meteoric diagenesis. The subaerial unconformity 
corresponding to each MDZ must lie at the top of the altered interval. The intervals outside the 11 
MDZs have also been stabilized to LMC limestone. The petrographic and geochemical similarities 
between these intervals and the Tortonian limestones suggest that the stabilization was probably 
mediated by marine-derived fluids circulating through the platform.
The Piacenzian and Calabrian sediments of the platform interior present a more complex 
diagenetic history. Early marine diagenesis was generally limited as in the older section, although 
some grainstone beds associated with apparent keystone fabric have well-developed 
circumgranular rinds of early marine fibrous or bladed CaC03 cements. Some original aragonitic 
components have been preserved in the upper Piacenzian interval in all four wells from which 
samples are available and the molluscan fossils are intact in many of the limestones exposed in the 
platform interior quarries, where the section is probably Piacenzian to Calabrian. Nevertheless, 
meteoric diagenesis is ubiquitous in this interval, ranging from patches of LMC cement encasing 
metastable components to complete stabilization to LMC limestone. Three MDZs (12-14) that 
preceded dolomitization are discernable and probably directly underlie their associated subaerial
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unconformities. The boundaries of the early meteoric diagenetic zones that lie within the 
dolomitized intervals are unclear and so these MDZs have not been defined. There is also 
petrographic and stable isotopic evidence of meteoric diagenetic events that followed 
dolomitization. The upper and lower boundaries and the timing of these events remain uncertain.
Of the platform margin sediments, only the Calabrian section was accessible for study. Early 
marine diagenesis in the form of fibrous and bladed aragonite and HMC cements was extensive, 
binding the reef margin sediments into a lithified structure along with encrusting coralline red 
algae, foraminifera, and corals. Meteoric diagenesis is dominated by scalenohedral or equant LMC 
cements which are widespread but are volumetrically minor. Locally, large cavities have been 
dissolved in the limestone and are partially filled with flowstone. No discrete MDZs could be 
discerned. Stabilization to LMC limestone is generally minimal except where dolomitization has 
occurred.
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CHAPTER 6. EUSTATIC DEVELOPMENT OF THE NIUE PLATFORM
6.1 Introduction
Reconstruction of the eustatic record at Niue must be based on two lines of evidence: 1) the 
terraces observed on the seaward flanks of the carbonate platform, and 2) the meteoric diagenetic 
zones observed within the cores. As a mid-oceanic hotspot seamount that has been extinct since 
middle Miocene (Hill 1983), one can expect that Niue’s tectonic history for most of the last 9 million 
years should have been one of subsidence whose rates decreased through time. However, as 
discussed in section 3.6.6, Niue may have experienced a decreased subsidence rate or even an 
uplift during the Messinian. Finally, Niue has been uplifted within the past 500 kyrs, probably due 
to upwarping of the underlying plate as it approaches the Tonga Trench (Dubois et al.1975). 
These factors complicate the extraction of the eustatic record from the carbonate section.
Figure 5.20 shows the 15 meteoric diagenetic zones that were distinguished in the upper 
320 m of the Mutalau platform on the basis of petrographic and geochemical criteria. It also shows 
the 10 terraces that have been recognized by previous workers (Schofield 1959,1967b; Paulay 
1988; Paulay and Spencer 1992) and were summarized in section 4.2.
In an early paper that grew out of this study, Wheeler and Aharon (1991) considered the 
evidence preserved in the Niue platform of eustatic falls at the end of the Messinian and the late 
Zanclean. Aharon et al. (1993) used data and interpretations developed later in the study 
concerning 9 eustatic lowstands during the Messinian, including the end-Messinian lowstand 
described by Wheeler and Aharon (1991). Further work from this study on these intervals as well 
as the Zanclean-Piacenzian section has been briefly addressed in Wheeler and Aharon (1994, 
1997) and in section 2.4.5.
In this chapter, the paper of Wheeler and Aharon (1991) is present as section 6.2. The 
section considers the various lines of evidence that can be used to reconstruct the eustatic 
record of a mid-oceanic carbonate platform such as Niue Island. The section also presents 
evidence developed early during the project of end-Messinian and late Zanclean lowstands at 
Niue. Section 6.3 presents the revised and more thorough interpretation of the eustatic record 
preserved in the Niue platform during the last 9 myrs.
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6.2 Mid'Oceanic Carbonate Platforms as Oceanic Dipsticks:
Examples From the Pacific'
6.2.1 Introduction
Geologists have known for a long time that transgressions and regressions of the sea have 
played a major role in the evolution of the lithosphere-hydrosphere-atmosphere-biosphere 
systems over the earth’s history. Only recently, however, the record of eustatic sea-level changes 
that occurred during the Phanerozoic was unraveled with the advent of high-resolution seismic 
techniques which allowed recognition of onlap/offlap sedimentary sequences along passive 
continental margins (Vail et al., 1977; Vail and Hardenbol, 1979; Haq et al., 1987; Haq et al., 1988, 
and others in Wilgus et al., 1988). Whereas the first-order sea-level changes on a 107 to 108 yrs 
time-scale are widely accepted, the amplitude and frequency of third or higher-order sea-level 
changes on time scales of 105 to 10® yrs are subject to controversy (e. g., Burton et al., 1987; 
Christie-Blick et al., 1988) and therefore require further testing and refinement using 
independent lines of evidence.
Darwin (1842) was the first to recognize the potential imprint of sea-level changes on 
Cenozoic coral reefs, because major reef-building organisms, such as hermatypic corals and 
coralline algae, are limited by their photic requirements to contemporaneous sea-level. In areas 
subject to tectonic uplift, fringing and barrier reefs tracking sea-level are brought above the zone 
of marine erosion. Vertical and horizontal relations between the reef zones exposed by land 
emergence allow inferences regarding the timing and amplitude of past sea-level highstands 
using precise radiometric dating techniques (e. g., UC and U-series, when applicable) and the 
assumption of monotonic uplift rates (Aharon and Chappell, 1986).
In contrast, the sea-level lowstands which are not recorded by coral reefs exposed by tectonic 
uplift have left a mark on reefs in areas subject to tectonic subsidence. During a sea-level fall which 
exceeds the rate of subsidence, a portion of the reef complex is subaerially exposed and a 
meteoric groundwater lens occupies the upper part of the section. Meteoric diagenesis alters the 
petrographic and stable carbon and oxygen isotopic character of the carbonates, most notably at 
the water table and in the formation of karst at the air-sediment interface (Moore, 1989). In island
' Reprinted from Wheeler, C. W., and Aharon, P., 1991, Mid-oceanic carbonate platforms as 
oceanic dipsticks: examples from the Pacific: Coral Reefs, v. 10, p. 101-114, by permission from 
Springer-Verlag.
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carbonate platforms, the water table generally is nowhere more than 1 or 2 meters above 
contemporaneous sea-level (e. g., Buddemeier and Holladay, 1977). Because the meteoric 
diagenetic overprint is best developed during a sea-level lowstand (Moore, 1989), island 
carbonate sections provide a good record of sea-level during eustatic lowstands. Those island 
carbonate platforms which developed on seamounts created in mid-plate settings are particularly 
useful in determining past eustatic sea-level fluctuations because their tectonic histories are 
relatively simple.
Whereas the majority of recent studies have focused on extracting records of high sea-stands 
from coral reef terraces in uplifting island settings (e. g., Barbados - Matthews, 1973; New Guinea - 
Bloom et al., 1974; Ryukyu - Konishi et al., 1974), relatively few studies have attempted to unravel 
the pre-Holocene sea-level history imprinted in subsiding mid-oceanic carbonate platforms (e. g., 
Major and Matthews, 1983; Schlangerand Premoli Silva, 1986; Hailey et al., 1986; Lincoln and 
Schlanger, 1987; Ludwig et al., 1986 and 1988). It is the aim of this study to help fill the existing 
gap and show how petrography, stable carbon and oxygen isotopes, biostratigraphy, and 
strontium isotopes can be used in the context of Pacific mid-oceanic carbonate platforms (Fig.
6.1) to reconstruct eustatic sea-level fluctuations.
6.2.2 Tectonic Evolution of Mid-oceanic Carbonate Platforms (MOCPs)
MOCPs "ride" on submarine volcanic mountains which accumulated during their eruptive 
phase up to, or above, sea-level. Seamounts may develop in three basic plate positions: 1) mid- 
oceanic ridge, 2) mid-oceanic plate, and 3) island-arc. Seamount chains which originate at mid- 
oceanic spreading centers, termed aseismic ridges (Laughton et al., 1970), experience a 
relatively simple tectonic history of subsidence (Detrick et al., 1977). Some aseismic ridge 
seamounts located in the Indian Ocean (e. g., Chagos-Laccadive Ridge - Whitmarsh et al., 1974) 
have shallow-water carbonate deposits on their crests, but those investigated thus far in the 
Pacific (e.g., Carnegie Ridge, Coiba Ridge, Cocos Ridge) are not capped by shallow-water 
carbonates (van Andel et al., 1973a-c), suggesting that they never extended into the photic zone 
(Detrick et al., 1977).
Seamounts which form in mid-oceanic plate settings (Fig. 6.2) are thought to be produced by 
hot spots (Wilson, 1965; Morgan, 1972). Like aseismic ridge seamounts, they generally have a
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Figure 6.1 Location map of mid-oceanic carbonate platforms in the central Pacific 
Ocean. Sites discussed in the study are marked by an asterisk.
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Figure 6.2 Generalized tectonic history of a mid-oceanic carbonate platform: A) 
seamount forms on lithospheric swell above a hot spot, B) reef complex develops 
following the termination of vulcanism as the crust cools and subsides, C) subsidence 
rate decreases as crust ages, D) seamount moves up onto a rise peripheral to the 
subduction zone and the carbonate platform is subaerially exposed and eroded, E) 
seamount moves down toward the subduction zone and the carbonate platform is 
drowned.
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simple tectonic history of subsidence (Crough, 1978; Detrick and Crough, 1978), but unlike many 
aseismic ridge seamounts, they commonly support thick carbonate platforms (see below). Large 
carbonate platforms also occur on seamounts and volcanic landmasses which develop in island 
arc settings, such as Guam and Saipan, but their tectonic history is more complex and may mask 
the eustatic sea-level history. For the purpose of studying eustatic sea-level fluctuations, it is the 
platforms situated in mid-plate seamount settings which are the most useful, and with which this 
study is concerned.
Hot spot vulcanism is apparently the result of thermal convection cells or "plumes" in the 
upper mantle (Wilson, 1965; Morgan, 1972) which heat the overlying oceanic crust, thinning the 
lithosphere by converting the lower portion to asthenosphere (Crough, 1978; Detrick and 
Crough, 1978). Since the asthenosphere is less dense than is the lithosphere, the plate rises 
isostaticaliy into a broad swell. Magma exits to the surface via fractures and vulcanism ensues (Fig. 
6.2A). If vulcanism builds the crest of the seamount up to the photic zone, the stage is set for 
accumulation of shallow-water carbonate sediments. Eventually, the plate motion removes the 
volcano from over its magma source and the eruptions taper off toward quiescence. Hot spot 
vulcanism is relatively brief; Jackson et al. (1972) estimated that the major stage of construction of 
a Hawaiian volcano lasts only 0.5 to 1.5 Myr. With the end of vulcanism, reef growth flourishes (Fig. 
6.2B). The lithosphere begins to cool and thickens, causing the volcano's crest to progressively 
subside. Detrick and Crough (1978) and Crough (1978) found that, compared to 
contemporaneous normal oceanic crust, the subsidence rates of crust which has passed over a 
hot spot is unusually rapid, with initial subsidence rates up to 35 m/Myr.
The ensuing pattern of reef development was first delineated by Darwin (1842). Fringing 
reefs are established on the flanks of an emergent volcanic mountain. As subsidence continues, 
the reefs build upward, forming a barrier between the open sea and a lagoon surrounding the 
volcano. Finally, subsidence completely submerges the crest of the volcano, leaving only an atoll 
(Fig. 6.2C).
As the plate nears the trench into which it is subducting, the underthrusting plate may bulge 
upwards on the flank of the trench. As the seamount moves up onto this outer rise, the carbonate 
platform is uplifted and subaerially exposed (Fig. 6.2D). An example of this is Niue (Dubois et al.,
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1975), which is located about 270 km to the east of the Tonga Trench (Fig. 6.1) and whose 
carbonate platform rim presently lies at 65 to 71 m above sea-level (Schofield, 1959). Finally, the 
seamount moves into the trench, eventually drowning the reefs (Fig. 6.2E). Capricorn Seamount, 
which lies to the west of Niue and is within the Tonga Trench (Fig. 6.1), is capped by post- 
Miocene shallow-water carbonates which are presently in 395 m of water (Brodie, 1965).
6.2.3 Development of MOCPs in Response to Eustatic Sea-level Fluctuations
Were eustatic sea-level constant, MOCPs would provide an uninterrupted record of 
seamount subsidence. However, eustatic sea-level has not remained stable, but has oscillated 
over time at several frequencies (Vail et al., 1977; Vail and Hardenbol, 1979; Haq et al., 1987; Haq 
et al., 1988). Since the mean rates of seamount subsidence are on the order of 1 mm/102 yrs to 1 
mm/103 yrs (Crough, 1978; Detrick and Crough, 1978), whereas the rates of third-order (10s to 
10® yrs) eustatic sea-level change are an order of magnitude faster, third-order eustasy has a 
significant short-term effect on platform water depths and thus on carbonate sedimentation 
(Kendall and Schlager, 1981). Haq et al. (1988) state that these sea-level cycles are at the limit of 
present seismic stratigraphic techniques and hence resolution of minor to medium-amplitude 
cycles requires detailed independent studies of outcrops or well data.
Relative sea-level change is the product of the interplay between tectonic subsidence, 
eustatic sea-level fluctuation, and sedimentation. Fig. 6.3A represents the initial condition of a 
rising or stationary eustatic sea-level acting on a subsiding carbonate platform. In the case of a 
eustatic sea-level fall outstripping the local rate of subsidence, the carbonate platform will 
experience a relative sea-level fall (Fig. 6.3B), resulting in subaerial exposure, meteoric 
diagenesis, karstification, and soil development over part or all of the platform. If the sea-level fall 
does not drain the lagoon, restricted water exchange with the open ocean may lead to 
hypersaline conditions in the lagoon. Subsequent to the sea-level fall, a stationary or rising 
eustatic sea-levei will result in a relative sea-level rise and in carbonate sedimentation over the 
unconformity (Fig. 6.3C).
Should the eustatic sea-level rise be rapid, part or all of the MOCP may be carried below the 
photic zone, terminating carbonate sedimentation. However, Kendall and Schlager (1981) argue
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Figure 6.3 Effects of eustatic sea-level fluctuations on a mid-oceanic carbonate platform which is subsiding at a constant rate. A) High sea- 
level has permitted uninterrupted deposition of five carbonate intervals. B) If a eustatic sea-level fall outstrips the subsidence rate, the platform 
will be subaerially exposed and eroded. C) During a subsequent eustatic rise, sedimentation resumes, burying and preserving the exposure 
surface as a record of the lowstand. D) If a eustatic sea-level fall matches or is less than the subsidence rate, deposition will continue, but the 
reef sequence will be vertically compressed.
that other factors such as temperature changes and nutrient deficiencies may have been equally 
important in terminating carbonate sedimentation on MOCPs.
If a eustatic sea-level fall does not exceed the rate of subsidence, no exposure will occur and 
no unconformity will develop (Fig. 6.3D). However, the reef facies will display diminished upward 
growth and may prograde over the foreslope facies, while the lagoonal facies will shoal upsection 
(Kendall and Schlager, 1981).
Figure 6.4 is a summary model of the interplay between eustatic sea-level fluctuations and a 
constant rate of platform subsidence affecting the net sea-level vector relative to MOCPs.
6.2.4 Recognition of Paleo Sea-levels in MOCPs 
Petrologic and Petrographic Criteria
Perhaps the simplest and least ambiguous petrologic indicators of subaerial exposure in a 
carbonate platform are the presence of paleokarst, terra rosa soils, and root imprints. In the case of 
a buried paleo exposure surface, however, poor core or well-cutting recovery may prevent 
location of the surface itself. Fortunately, subaerial exposure leads to development of a meteoric 
groundwater system causing distinctive diagenetic changes in carbonate deposits. The following 
is only a brief review of meteoric diagenesis in carbonates as it pertains to subaerial exposure. For 
thorough reviews of meteoric diagenesis in carbonates, see Longman (1980) and Moore (1989).
Marine carbonate sediments consist initially of aragonite, high-Mg calcite, and low-Mg calcite, 
which are stable in warm marine surface waters. When a MOCP and all of its possible recharge 
areas are submerged, the sediment pore waters are generally marine and the cements 
precipitated are aragonite and high-Mg calcite. In meteoric water, on the other hand, aragonite and 
high-Mg calcite are unstable and dissolve, to be re-precipitated as low-Mg calcite. Significant 
meteoric diagenetic alteration of a carbonate platform may occur during successive sea-level 
lowstands.
When a MOCP is subaerially exposed by a sea-level fall, rainwater infiltrates the carbonate 
sediments and forms a body of meteoric groundwater which floats on, and partially displaces 
downward and outward, the marine pore waters (Fig. 6.5A). Due to the high porosity of the 
carbonate platform, the elevation of the water table is commonly nowhere higher than a meter or 
two above sea-level. For example, Enjebi Island, part of Enewetak Atoll (Fig. 6.1), is roughly 1.5
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Figure 6.4 Relative sea-level fluctuations produced by the interaction of eustatic sea- 
level changes and a constant subsidence rate acting on a MOCP. Note that the 
subsidence rate is slower than the eustatic sea-level fall at 1, resulting in a relative sea- 
level fall. The subsidence rate is faster than the eustatic sea-level fall at 2, resulting in a 
relative sea-level rise. The letters above the relative sea-level curve correspond to the 
settings depicted in Figure 6.3.
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Figure 6.5 A) Groundwater system of a subaerially exposed MOCP. B) Development of moldic porosity, cements, and stable oxygen and 
carbon isotopes related to meteoric diagenesis within the freshwater lens of a subaerially exposed MOCP. Porosity and cements curves are 
after Moore (1989). Stable isotopes curves are modified after Allan and Matthews (1982). C) Submergence and resumption of marine carbonate 
sedimentation causes shifts in both isotope curves toward more enriched values.
km long and 1.3 km wide and is typically 2 to 3 m above sea-level. Its water table is nowhere higher 
than 0.5 m above sea-level (Buddemeier and Holladay, 1977). Niue is a considerably larger island 
in the south Pacific (Fig. 6.1), about 21 km long by about 17 km wide, with its highest elevation at 
about 71 m, yet its water table is nowhere more than 2 m above mean sea-level (Jacobson and Hill, 
1980a). Despite the low elevation of the water table, the thickness of the meteoric groundwater 
lens may be considerable. According to the Ghyben-Herzberg principle, the density differential 
between marine water and freshwater is such that, for every 1 m of water table elevation above 
sea-level, there should be 40 m of freshwater below sea-level. Deviations from this 1:40 ratio are 
common in carbonate platforms, where porosities and permeabilities are highly variable. On Enjebi 
Island, the present thickness of the groundwater lens is less than 5 m (Buddemeier and Holladay, 
1977), whereas at Niue, the groundwater lens ranges from 60 to 140 m thick (Jacobson and Hill, 
1980b). This dissimilarity is due in part to the difference in annual rainfall received by the two 
areas. Enewetak's mean annual rainfall is about 1470 mm/yr (Buddemeier, 1981), whereas Niue 
averages about 2041 mm/yr (Jacobson and Hill, 1980a).
The groundwater system of a MOCP consists of four zones (Fig. 6.5A): 1) vadose, 2) 
meteoric phreatic, 3) meteoric-marine mixing, and 4) marine phreatic. The vadose zone may be 
divided into an upper vadose, or soil subzone, and a lower vadose subzone (Moore, 1989). The 
soil subzone occurs at and just below the air-sediment interface and is the zone of rainwater 
infiltration. It is also the area of intense microbial activity, which releases C 02 gas. The passing 
infiltrating meteoric water absorbs the C02 gas, becomes undersaturated with respect to calcium 
carbonate, and proceeds to aggressively dissolve high-Mg calcite and aragonite. The lower 
vadose zone is characterized by downward percolation of meteoric waters toward the water table. 
Petrographic features which characterize the vadose zone include moldic porosity after high-Mg 
and aragonite components, meniscus (Dunham, 1971) and pendant (Purser, 1969) calcite 
cements, and calcretes (James, 1972) (Fig. 6.5B, i and ii). In carbonate terranes where rainfall 
exceeds evapotranspiration, such as the tropical zone of the Pacific (including Niue - Jacobson 
and Hill, 1980a), the infiltrating rainwater has low CaC03 saturation levels and passes quickly 
through the vadose zone causing little or no cementation (Longman, 1980). The chief diagenetic 
processes there consist of dissolution of the metastable carbonates, particularly in the soil
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subzone, and the development of karst terrane. By contrast, in carbonate terranes where rainfall 
approximates evapotranspiration, infiltrating rainwater can develop elevated CaC03 saturation 
levels and calcretes may develop. In either case, by the time the pore waters approach the water 
table, they may be saturated in CaC03. Equant low-Mg calcite cements of small crystal size are 
commonly precipitated at, and above, the water table (Longman, 1980). COs degassing along the 
water table also facilitates precipitation of cements (Hanor, 1978).
Diagenesis in the meteoric phreatic zone of MOCPs concentrates along the water table, 
generally in a zone no more than 1.5 m thick (Fig. 6.5B, i and ii), due to slow groundwater flow and 
rapid chemical equilibration of the groundwater with the host rock (Hailey and Harris, 1979; Budd, 
1984; Sailer, 1984; Moore, 1989). The groundwater movement in the meteoric phreatic zone of 
subaerially exposed carbonate platforms is characterized by diffusion, physical mixing of meteoric 
waters with marine waters lateral to and beneath the meteoric groundwater lens, and advective 
flow (Buddemeier and Oberdorfer, 1986) commonly driven by tidal oscillations rather than gravity 
flow because of relatively small hydrologic heads. Communication between the open sea and the 
marine phreatic zone is commonly facilitated by horizons of high porosity created by meteoric 
diagenesis during earlier low sea stands (Wheatcraft and Buddemeier, 1981). Tidal pulses are 
transmitted by these avenues beneath and upwards to the base of the meteoric groundwater 
lens. Vertical motion of the lens in response to tidal fluctuation lags behind the tidal cycle at 
different rates in different areas of the platform, resulting in relief on the water table and in 
advective groundwater flow. The diagenetic processes occurring in the meteoric phreatic zone 
are dissolution of metastable mineralogies and precipitation of equant, isopachous rim and pore- 
filling, low-Mg calcite cements (Longman, 1980). Conversion of the original metastable 
mineralogies to low-Mg calcite is a rapid process at the water table, going to completion in 1 to 2 x 
10s years (Hailey and Harris, 1979; Budd, 1984). In contrast, mineral stabilization in the vadose 
zone is slower (Steinen and Matthews, 1973; Budd, 1984; Sailer, 1984).
Below the water table and down through the meteoric phreatic zone toward the mixing zone, 
the rates of dissolution and cementation decrease rapidly, with no cementation and little 
dissolution occurring in the mixing zone (Fig. 6.5B, i and ii). Consequently, the original metastable 
mineralogies may survive below the water table (Moore, 1989).
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Oxygen and Carbon Isotope Criteria
Meteoric diagenesis has a pronounced effect on the stable oxygen and carbon isotopic 
composition of a carbonate section and this imprint can be used to locate paleo subaerial 
exposure surfaces and paleo water tables (Allan and Matthews, 1977,1982). Modern tropical 
shallow-marine carbonate rocks have whole-rock 8’80  values ranging from -6 to +1 %o and 8’3C 
values ranging from -2 to +6 %o on the PDB scale (Milliman, 1974). Modem marine cements have 
8,80  values ranging from -2 to +0.5 %»and 8'3C values ranging from +2 to +4 %<>. Carbonate rocks 
which have undergone meteoric diagenesis generally have whole-rock S,eO values ranging from 
-1 to -6 %o and 813C values ranging from -12 to +2 % o (Lohmann, 1988).
The stable oxygen isotope composition of calcite cements precipitated from meteoric waters 
is determined by the ratio 0 /0 w in groundwater, where 0, is the amount of oxygen contributed by 
dissolution of the carbonate rock or sediment, and Ow is the amount of oxygen contributed by the 
water (Allan and Matthews, 1982). The solubility of calcium carbonate in meteoric water is very low, 
so that the amount of oxygen contributed by carbonate mineral dissolution is very small compared 
to the amount of oxygen present in the water, resulting in a very low 0 ,/0 w ratio. The 8'80  
composition of meteoric cements therefore reflects the 8180  composition of the parental meteoric 
water, which in turn represents that of the local rainfall, and varies little within the zone of meteoric 
diagenesis.
8180  values of rainfall are latitude-dependent, with the more ,aO-enriched values occurring in 
the equatorial regions and the more 180-depleted values occurring in the polar regions (Craig, 
1961). Meteoric waters in the tropical Pacific, however, show an anomalous ,80-depletion (-5 to 
-10 %o SMOW) which is at variance with the values predicted by Dansgaard's (1964) relationship 
between S180  in precipitation and the mean annual air temperature at the surface (Aharon, 1983). 
This anomalous 180-depletion has been attributed to the “monsoon effect" (Aharon, 1983; 
Aharon and Veeh, 1984). Strong updrafts within the equatorial convergence zone carry moisture 
evaporated at the surface to great elevations, where the moisture cools to about 1.4 °C and 
condenses, resulting in the anomalously ,80-depleted precipitation observed.
Within the vadose zone, dissolution and reprecipitation of calcium carbonate shift the original 
marine S,eO values of the carbonate section toward 180-depleted values (Fig. 6.5B, iii). A
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pronounced shift toward ,80-enriched values upsection may develop in the soil subzone if high 
surface evaporation has generated a calcrete soil profile, such as at Barbados (Allan and 
Matthews, 1982). In areas which experience high rainfall rates, calcretes may not develop and this 
shift is absent. Across the water table, the 5180  profile exhibits an abrupt downsection shift toward 
180-enriched values because diagenesis rapidly diminishes in the meteoric phreatic zone away 
from the water table. Deeper in the meteoric phreatic zone, the 5'80  profile continues the shift 
toward 8,80  values characteristic of unaltered carbonate sediment at a more gradual rate.
The 813C composition of meteoric calcite cements is determined by the ratio C/C„ in 
groundwater, where Cr is the amount of carbon contributed by dissolution of the carbonate rock or 
sediment, and C,g is the amount of carbon contributed by soil C02 gas (Allan and Matthews,
1982). In recharge areas, C/C^ is roughly equal to one. Soil C02 gas has 813C values typically 
between -10 to -30 %o (Galimov, 1980). Dissolution of metastable high-Mg calcite and aragonite 
and precipitation of low-Mg calcite, mediated by this water, shifts 8'3C values of the carbonate 
section within the vadose zone to more ,3C-depleted values (Fig. 6.5b, iv). If a calcrete profile has 
developed in the soil subzone, 8’3C values within the calcrete are strongly shifted toward ’3C- 
depleted values (Lohmann, 1988). Both cementation and dissolution are most pronounced at the 
water table and a strong negative shift upsection occurs in the 813C values of carbonate sediments 
in this position (Allan and Matthews, 1977; 1982). Diagenesis diminishes rapidly in the meteoric 
phreatic zone (Moore, 1989), so that downsection 8,3C values gradually shift back toward their 
original values.
Stable carbon and oxygen isotopes therefore reveal the location of both the exposure 
surface and the water table (Fig. 6.5C). At a buried paleo exposure surface, there is a abrupt shift 
downsection from unaltered marine carbonate S180  and S,3C values toward ,80 - and ,3C-depleted 
values indicative of meteoric diagenesis. At a paleo water table, there is a shift downsection 
toward ,80 - and 13C-enriched values typical of less altered marine carbonate sediments. These 
shifts are more pronounced in the S’3C cun/e due to the large difference in 8’3C values between 
marine carbonate sediment and soil C 02 gas.
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6.2.5 Methods for Determining Timing and Duration of Sea-level Changes 
Biostratigraphic Techniques
Biozonation by planktonic foraminifera can distinguish Cenozoic time intervals with a 
resolution of about 1 Myr; nannoplankton biozonation can distinguish even briefer intervals 
(Berggren et al., 1985). However, these index fossils can be difficult to locate and separate from 
the matrix in shallow-water carbonate deposits. Recent biostratigraphic studies a! Enewetak 
(Cronin et al, 1986; Wardlaw and Henry, 1986) have indicated promise in the application of 
planktonic and benthic foraminifera, nannoplankton, and ostracods for detailed biozonations in 
carbonate Tertiary sections. However, we chose not to expound on these biostratigraphic 
aspects of Enewetak because i) data has only been reported in a preliminary form (i.e., Open File 
Reports), and ii) the techniques have not yet gained widespread use in carbonate sections.
In the Indo-Pacific region, the larger benthic foraminifera are the basis for a biostratigraphic 
system called the Far East Letter Classification (FELC), introduced by van der Vlerk and 
Umbgrove (1927) for use in Cenozoic tropical marine carbonates. Since large benthic foraminifera 
characteristically have algal symbionts (Lee et al., 1979), they are limited to clear water within 
depths of less than 130 m (Hallock, 1984), which is virtually coincident with shallow-water 
carbonate settings. The FELC is used in Tertiary sections (Adams, 1970; Adams, 1984). Generic 
and species diversity of the larger benthic foraminifera declined sharply during the Miocene, so 
that the FELC is not useful for subdividing the post-Middle Miocene Cenozoic.
As a technique for determining the timing and duration of third-order eustatic cycles, the 
FELC has some limitations. First, for maximum biostratigraphic resolution the technique depends 
upon finding specimens at the index fossil's stratigraphically lowest or highest position. At 
outcrops, one has the option of casting back and forth along bedding planes, but in cores this is 
not possible. As a result, FELC dating of cores is potentially less accurate. Second, the shortest 
time interval which the FELC can distinguish is 2 to 3 Myr (Adams, 1984). By contrast, many 
Tertiary third-order eustatic cycles occurred within less than 2 Myr, and some Late Paleocene 
cycles occurred within about 0.5 Myr (Haq et al., 1988).
225
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The Strontium Isotope Technique
The ^Sr/^Sr ratio of seawater is controlled by the differential input of strontium from three 
major sources (Faure et al., 1965): 1) mafic volcanic and intrusive rocks in ocean basins and 
continental margins (^Sr/^Sr ratios of about 0.704), 2) erosion of old sialic rocks from cratons 
(a7sr/e6sr ratios of about 0.720), and 3) erosion of marine carbonates and sulfates (87Sr/06Sr ratios of 
about 0.708). The B7Sr/e6Sr ratio of modem seawater is about 0.70907 for an NBS-987 value of 
0.71014 (Burke et al., 1982). Shifts in the seawater 87Sr/86Sr ratio have occurred over geologic 
time as a result of variations in (Koepnick et al., 1988): 1) lithologic composition of crust subject to 
weathering, 2) volcanic activity, 3) seafloor spreading rates, 4) rates of hydrothermal circulation of 
seawater through mid-oceanic ridge systems, 5) topographic relief of continents, 6) extent of 
continental inundation by epeiric seas, and 7) climatic and oceanographic conditions. However, 
because the mixing time of the ocean is about 103 yrs, whereas the ocean residence time of 
strontium is about 5 x 10® yrs (Broecker and Peng, 1982), the 87Sr/86Sr ratio of seawater at any 
given time is uniform worldwide.
Seawater 87Sr/®6Sr ratio was constant at about 0.7077 from Late Paleocene to Late Eocene, 
then subsequently increased monotonically to the present ratio of 0.70907 (Burke et al., 1982; 
Koepnick et al., 1985). Strontium substitutes for calcium in the lattice of calcium carbonate 
minerals, hence the strontium incorporated into marine carbonate strata preserves a record of the 
contemporaneous seawater 87Sr/®6Sr ratio which may be used to date the time of sediment 
deposition in oceanic settings away from continents. The lack of regression and the moderate to 
steep slope of the post-Late Eocene seawater ̂ Sr/^Sr ratio curve enables it to be used in dating 
marine carbonates, with theoretical minimum resolutions ranging from about 0.1 to about 2 Myr, 
depending upon the slope of the cun/e and the instrumental precision of the individual laboratory 
(DePaolo, 1986).
Strontium isotope dating of carbonate strata has two advantages over biostratigraphic 
techniques. First, the isotope dating is independent of the occurrence of critical fossils at 
optimum positions in the core or outcrop. Second, the stratigraphic resolution of the strontium 
isotope method is greater than the FELC biostratigraphic method, as shown in the previous 
paragraphs.
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The technique by which strontium isotopes can constrain the time interval of a late Paleogene 
or Neogene sea-level fall is illustrated in Figure 6.6. Subaerial exposure and erosion of a MOCP 
removes part of the section (Fig. 6.6A and B). Carbonate sediments deposited over the exposure 
surface during the subsequent sea-level rise will have ^Sr/^Sr ratios which are shifted from those 
in the strata below the surface (Fig. 6.6C), the magnitude of the shift depending on the duration 
of exposure. The time interval within which the subaerial exposure occurred is sometime between 
the age of the strata overlying the unconformity surface and the age of the strata underlying the 
surface.
Some caution is necessary when considering the significance of a 87Sr/®6Sr apparent age 
discontinuity. First, there are some relatively abrupt changes from steep to low slopes in the 
Neogene seawater 87Sr/®6Sr ratio curve which could be mistaken for erosion unconformities 
(Ludwig et al., 1988). Notable among these are the slope changes: 1) in the Middle Miocene, 2) 
near the Miocene-Pliocene boundary, and 3) near the Pliocene-Pleistocene boundary (DePaolo, 
1986). Second, data scatter caused by meteoric diagenesis can affect the accuracy of the 
depositional age obtained for strata beneath a subaerial exposure surface, as indicated below.
Meteoric diagenesis may decrease the strontium content of marine carbonate sediments from 
3000 - 6000 ppm to 100 - 500 ppm (Moore, 1989), whereas carbonate rocks which are in chemical 
equilibrium with marine pore waters have an average Sr content of about 430 ppm (Annovi et al., 
1980). Meteoric diagenesis blurs the ^Sr/^Sr ratio of the original host rock, although it probably 
does not wholly eradicate it. The strontium content of fresh meteoric waters is very low compared 
to that in marine carbonate rocks (stream water averages about 60 ppb; Drever, 1982), so that in 
cases where the meteoric water ends up with greatly dissimilar ̂ Sr/^Sr ratios, the quantity of 
strontium released to the meteoric water by dissolution of marine aragonite and high-Mg calcite will 
overwhelm the strontium already in the water. Hence, calcite cements which precipitate from 
these meteoric waters will bear ̂ Sr/^Sr ratios dominated by input from the dissolved aragonite 
and calcite precursors. However, because dissolution commonly occurs higher in the 
groundwater system than does precipitation of the solutes, and because dissolution occurs over 
a heterochronous interval of strata en route to the water table, zones of Cenozoic strata receiving 
meteoric precipitation will have their whole-rock ̂ Sr/^Sr ratios shifted toward values of younger
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Figure 6.6 Development of a discontinuity in ^Sr/^Sr ratios and Sr isotope apparent 
ages in a MOCP due to subaerial exposure and erosion of the platform. The thick black 
lines in the carbonate sections to the left represent a hypothetical core from which the 
curves to the right are taken. Since the Late Eocene, "Sr/^Sr ratios have increased 
monotonically with decreasing age from 0.7077 to 0.70907 (Burke et al., 1982; Koepnick 
et al., 1985). A) Uninterrupted sedimentation. B) A sea-level fall exposes the platform and 
part of the section erodes. C) Sedimentation resumes upon re-submergence of the 
platform, preserving a lithologic disconformity and a strontium isotope discontinuity.
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sediments. The degree of contamination will depend in part upon the age differential between 
the sediments in the soil subzone and those at the water table, which is likely to be minimal.
6.2.6 Sea-level Histories from MOCPs 
Introduction
In the previous sections, we have demonstrated several stratigraphic techniques useful for 
determination of paleo sea-levels in the context of subsiding MOCPs. It is our intention to show 
later that although oxygen, carbon, and strontium isotopes monitor different aspects of global 
sea-level changes, when used in conjunction they provide deeper insights into the past than 
either one could achieve alone.
Reconstruction of eustatic sea-level fluctuations from MOCPs involves determination of the 
platform's subsidence history, sediment accretion rates, and correlation of the identified 
unconformities to eustatic lowstands. Derivation of the subsidence history requires solving three 
questions related to the igneous and tectonic history of the volcanic pedestal: 1) the subsidence 
rate of the underlying lithosphere, 2) the time vulcanism ceased, and 3) the onset of shallow 
sedimentation on the seamount.
There are three methods for estimating the subsidence rate. One method involves the 
assumption that the volcano built up to, but not significantly above, sea-level, whereupon 
vulcanism ceased and shallow sedimentation began:
dsS.R. = -p  (6.1)
iv
where S.R. is the subsidence rate in m/Myr, d, is the thickness of the sediment column above the 
volcanic crest, and tv is the age of the volcano (Fig. 6.7). Depths are in meters with respect to sea- 
level, and time is in Myr. For example, at Enewetak Atoll, the thickness of the sediment column 
above the volcanic crest (d,) in the E-1 well is 1267 m (Ladd and Schlanger, 1960), and the age of 
the volcano (U is 60 Myr (Kulp, 1963). This method yields an average subsidence rate of about 21 
m/Myr for Enewetak Atoll.
Another method must be used if there is evidence that the volcano built up above sea-level, 
such that shallow sedimentation on the summit was significantly delayed after the termination of 
vulcanism. This method requires locating the closest younger volcano in the seamount chain 
whose summit is presently at sea-level:
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Figure 6.7 Estimation of subsidence rates in atolls using equations (1) and (2) in the text. dv is the thickness of the sediment section, 
measured from the top of the section to the summit of the volcano. (Modified from Schlanger and Premoli Silva, 1986).
S R - = 7 (6.2)( t v2 - t vi )  ' '
where is the age of the older drowned volcano, and tv, is the age of the younger volcano
presently at sea-level. Lincoln and Schlanger (1987) estimated the rate of subsidence of Midway
Atoll by a comparison between Midway Atoll and La Perouse Pinnacle (Fig. 6.1), the nearest
younger island in the Hawaiian chain where volcanic rock is exposed at sea-level. The thickness of
the sediment column (d,) in the Sand Island hole at Midway is 157 m (Ladd et al., 1970), the age of
La Perouse volcano (tvl) is 11.7 Myr (Dalrymple et al., 1974), and the age of Midway volcano (t^) is
27 Myr (Dalrymple et al., 1977). This method yields an average subsidence rate of about 10 m/Myr
for Midway Atoll.
A third empirical method solves for the subsidence rate using the age-depth equation for 
oceanic crust proposed by Parsons and Sclater (1977), with modifications by Crough (1978) and 
Heestand and Crough (1981):
295(Vtv + 25 - 5)
S.R. = ---- ---------------------- - (6.3)
lv
For a 60 Myr-old volcano such as at Enewetak, this empirical method yields an average 
subsidence rate of 21 m/Myr, in agreement with the subsidence rate estimated above using eq. 
(6 .1).
Once the mean subsidence rate is constrained and the time when marine sedimentation 
began is known, correlation between the platform's sedimentation history and eustatic sea-level 
history can be attempted. Under these circumstances, each unconformity-bound package of 
sediment is accommodated between the subsidence path and the eustatic sea-level curve up to 
its truncation by a sea-level fall (Fig. 6.7). Recognition of unconformities and their accurate 
correlation with the causative sea-level falls is critical. It is at this stage that stable carbon and 
oxygen isotopes and strontium isotope dating can provide valuable assistance.
Figure 6.8 summarizes the relationship of the stable oxygen and carbon isotope curves and 
the strontium isotope apparent ages curve to a paleo exposure surface/water table couplet. At the 
paleo water table, the 513C cun/e will show a pronounced shift upsection toward more depleted 
values. The 51sO cun/e shows a similar, but smaller, shift, whereas the strontium apparent ages 
curve will be unaffected. At the paleo exposure surface, both 6’3C and S,80  values will abruptly
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Figure 6.8 The effect of a paleo exposure surface and associated water table on stable oxygen and carbon isotopes and on the 
strontium isotope apparent ages. Note that all three curves shift at the paleo exposure surface, but only the stable isotope curves shift at 
the paleo water table.
shift upsection toward more enriched values, whereas the ^Sr/^Sr apparent ages will abruptly 
shift upsection toward younger ages. The duration of non-deposition c:nd erosion represented by 
the exposure surface is more finely constrained by strontium isotope dating than by some 
biostratigraphic methods, so it is easier to unambiguously correlate the exposure surface to the 
eustatic lowstand which caused it. To confirm that the shifts in the 8,3C and 8'80  curves toward 
more enriched values upsection indeed represent a paleo exposure surface, it is important to look 
for evidence of an associated paleo water table.
Below are three examples taken from studies of Pacific MOCPs which illustrate how these 
techniques have been used in deriving eustatic sea-levels in these settings. At Midway Atoll, 
stable carbon and oxygen isotopes have been used in addition to the traditional petrographic and 
biostratigraphic methods. In the case of Enewetak Atoll, strontium isotope dating has been used 
to augment the traditional methods. At Niue (Fig. 6.1), both stable carbon and oxygen isotopes 
and strontium isotope dating have been used, as well as petrography and biostratigraphy. 
Sea-level Studies at Midway and Enewetak Atolls
Major and Matthews (1983) measured S13C and 8180  values of whole-rock samples from the 
Neogene carbonate strata of Midway Atoll (Fig. 6.1) and identified five ,3C-depleted zones which 
were attributed to subaerial exposure during five different eustatic lowstands. The exposure 
surfaces were correlated with the eustatic sea-level curve of Vail et al. (1977) using the 
biostratigraphic ages of Cole (1969) and Todd and Low (1970). However, Lincoln and Schlanger
(1987) rejected the interpretation of the ,3C-depleted zones as paleo exposure surfaces and 
correlated the Midway section to the eustatic sea-level curves of Vail and Hardenbol (1979) and 
Haq et al. (1987) based solely on lithologically-identified disconformities and biostratigraphy. 
Lincoln and Schlanger therefore missed disconformities too brief for benthic foraminifera 
biostratigraphic resolution. Neither study was able to make an unambiguous correlation with 
eustatic sea-levels due to biostratigraphy problems.
Ludwig et al. (1986,1988) utilized strontium isotope dating and petrography to delineate the 
Neogene stratigraphy of Enewetak Atoll (Fig. 6.1). The biostratigraphy of the core they used was 
then available in only preliminary form (Cronin et al., 1986), but has since been published in part 
(Wardlaw, 1989). Strontium isotope dating revealed intervals over which the apparent ages did
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not vary within analytical error, separated by abrupt shifts. Ludwig et al. interpreted the intervals 
with little age change as periods of rapid upward reef growth, and attributed the abrupt shifts to 
subaerial erosion during eustatic lowstands, noting that many occur at lithoiogic disconformities. 
Strontium isotope dating yielded better age resolution of the disconformities than FELC 
biostratigraphy provided. Stable isotopes data, if measured, could have further improved 
resolution by identifying which lithoiogic disconformities were due to subaerial erosion in intervals 
where data scatter or rapid change in seawater ^Sr/^Sr ratios hampered the use of strontium 
isotope dating.
A Sea-level Study in Progress at Niue
Niue is a subaerially exposed carbonate platform situated in the south Pacific about 500 km 
south of Samoa (Fig. 6.1). It lies on the Pacific Plate about 300 km east of the Tonga Trench, into 
which the plate is subducting. The island is one of a local cluster of seamounts which show no 
distinct linearity among themselves. However, Niue and its seamount cluster may be part of a 
seamount chain which includes Capricorn Seamount, located to the west in the Tonga Trench 
(Lonsdale, 1986). Magnetic and geophysical data indicate that Niue is underlain by a volcano 
which developed between 12 and 20 Myr BP, and that the crest of the volcano presently lies at a 
depth of about 350 m below sea-level (Hill, 1983). The volcano summit is capped by roughly 400 
m of shallow-water tropical reef and associated carbonate facies. Biostratigraphic data indicate that 
most of the upper 200 m is Middle to Late Miocene in age (G. C. H. Chaproniere, reported in 
Jacobson and Hill, 1980a), with perhaps a thin interval of Plio-Pleistocene in the interior (C. A. 
Fleming, reported in Schofield, 1959). Niue's subaerial topography mimics the bathymetry of an 
atoll: a central basin virtually surrounded by a peripheral ridge which rises to a height of 65 to 71 m 
above sea-level (Schofield, 1959). The present elevation of the former atoll requires explanation.
Niue's present elevation above sea-level is a geologically recent event related to the regional 
plate tectonic activity. In support of our contention, we note that: i) Dubois et al. (1975) have 
shown that plate motion has only recently carried Niue onto a crustal rise caused by an upward 
bulge of the Pacific Plate as it prepares to enter the Tonga Trench, ii) strontium isotope dating of 
the uppermost carbonate strata yields an apparent age of about 3.4 Myr, suggesting active reef 
deposition into Late Pliocene, and iii) Presence of Plio-Pleistocene fossils on Niue (Schofield,
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1959) indicate that uplift must have occurred later than the Plio-Pleistocene. Therefore we submit 
that the pre-Pleistocene tectonic history of Niue was that of a normal subsiding atoll.
The results reported below are from an ongoing study (Aharon et al., in prep.; Wheeler, Ph.D. 
thesis in prep.) of five of the seven deepest wells which have been drilled on Niue. For the 
purpose of this paper, data from only a selected interval in the deepest well, DH4, are presented. 
The bioclastic and peloidal packstone and wackestone depositional textures in the core and the 
well's position with respect to the reef ridge indicate that it penetrated the lagoonal and back-reef 
facies. No disconformity surfaces have been visually identified in the core. However, the core 
material is discontinuous, with each meter of section represented by only a 2 to 20 cm long piece 
of core. For this paper, the interval between -57 m and -125 m (core depths) was chosen as 
particularly illustrative of the utilization of carbon, oxygen, and strontium isotopes in sea-level 
investigations.
Within this interval, the strata are limestones consisting entirely of calcite. Aragonitic and high- 
Mg calcite biotics are represented only by molds. Marine cements such as fibrous to bladed 
circumgranular crusts are absent except in small intraskeletal voids. Echinoderm bioclasts 
commonly have medium crystalline syntaxial cements. The dominant cement is finely crystalline 
bladed calcite which occurs as scattered crystals to ragged crusts on the surfaces of grains and 
molds. Equant calcite cements are finely to medium crystalline and are rare. No meniscus cements 
or other evidence of vadose zone diagenesis were observed. Grain compaction is not evident. 
These observations indicate that the study interval was subjected to early dissolution and 
cementation by meteoric waters, but they do not define the location of any paleo exposure 
surfaces or water tables.
Stable carbon and oxygen isotope compositions were measured on 56 whole-rock samples 
sampled at one-meter intervals and the results are shown in Figure 6.9. The 513C and 5180  data 
reveal two distinct intervals which seem to record paleo exposure surface/water table couplets, 
one between -57 m and -68 m and the other between -93 m and -98 m. In the shallower interval, a 
paleo water table is suggested by the S,3C shift from -1.2 to -4.4 %o between -68 m and -67 m. A 
corresponding exposure surface occurs between -62 m and -58 m, where 813C values shift from 
-6.0 to +2.6 %o. The 5iaO values show no significant deviation between -62 m and -58 m, but they
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Figure 6.9 Interval from Niue core DH4 showing detection of two paleo exposure surface/water table couplets using the isotope 
techniques discussed in the text. The analytical error is estimated to be ± 0.1 % o for the oxygen and carbon isotopes and ± 0.25 to 0.50 









do show a slight shift toward more enriched values between -58 m and -57 m. In the deeper 
interval, a paleo water table is indicated between -98 and -97 m by the pronounced shift in 813C 
values from +0.4 %«to -3.1 %», respectively. The associated exposure surface occurs between -94 
m and -93 m, over which interval the 813C values shift from -4.0 to -1.0 %0, and the 5'80  values shift 
from -3.7 to -0.7 %o.
Strontium isotope ratios were measured on 9 pure calcite samples, which yield ^Sr/^Sr ratios 
from 0.709020 ± 13 x 10'6 at -57 m to 0.708940 ± 12 x 10'6 at -125 m (relative to an NBS-987 value 
of 0.710220 ± 9 x 10* , 2 a  error). These isotope ratios were converted to apparent ages by 
comparison with a strontium seawater curve derived from measurements of Tertiary deep-sea 
foraminifera at DSDP Site 502 ranging in age from 0.6 to 40.0 Myr BP (Hess et al., 1986). Based 
upon the data from this DSDP site, the relationship between seawater 87Sr/“ Sr ratios and the 
apparent age is virtually linear between 7.4 Myr BP and the present using the graphic correlation 
of Hazel (1989):
t (87Sr/86Sr)a - (87Sr/e6Sr)m 
(-32.06 X 10’6)
where t is the apparent age in Myr, (67Sry66Sr)m is the measured isotopic ratio of modem sea water 
(0.709124 ± 13 x 10'8), and (87Sr/66Sr)a is the isotopic ratio of ancient sea water measured from the 
core sample. The apparent ages calculated for the Niue samples have an analytical uncertainty of 
between 0.25 and 0.5 Myr.
The apparent ages of the Niue samples show a roughly monotonic trend from about 5.7 Myr 
BP at -125 m to 3.2 Myr BP at -57 m which is interrupted in two places. Between -125 m and -101 
m, there is a well-defined trend from an apparent age of about 5.7 Myr BP to about 5.5 Myr BP. 
Between -94 m and -62 m, there is another well-defined trend from an apparent age of about 4.3 
Myr BP to an apparent age of about 3.9 Myr BP. The age break between -101 m and -94 m 
corresponds closely to the paleo exposure surface indicated between -94 and -93 m by stable 
isotopes. The stable isotopes data indicate that a paleo exposure surface also occurs between 
-58 m and -57 m, suggesting that an age break around 3.5 Myr BP should occur in the 
corresponding strontium apparent ages, but scatter in the strontium data renders this uncertain. 
These data indicate that carbonate sedimentation occurred at Niue from about 5.8 Myr BP 
through about 3.2 Myr BP, with two episodes of subaerial exposure and erosion. The first
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occurred sometime between 5.4 and 4.3 Myr BP and the second occurred sometime between
3.7 and 3.2 Myr BP.
During the time spanned by the carbonate section at Niue, there were two eustatic lowstands, 
at 5.5 and 3.8 Myr BP (Haq et al., 1988). The stable and strontium isotopes data indicate that the 
disconformity between -98 and -97 m developed by subaerial exposure during the eustatic 
lowstand at 5.5 Myr BP. The stable isotopes data also indicate, and the strontium isotope data 
suggest, that the paleo exposure surface between -62 and -58 m may have developed during the 
eustatic lowstand at 3.8 Myr BP. It follows that the interval from -125 to -98 m was deposited during 
the third-order eustatic cycle of the Messinian, and the interval from -97 to -62 m was deposited 
during the third-order eustatic cycle of the Zanclean.
6.2.7 A Test of Eustatic Sea-level Curves Using MOCP Data
Figure 6.10 is a synthesis of stratigraphic unconformities recorded at Midway (Major and 
Matthews, 1983; Lincoln and Schlanger, 1987), Enewetak (Ludwig et al., 1986 and 1988; 
Wardlaw, 1989), and Niue (this study) linked to Neogene sea-level falls. The MOCPs sea-level 
data are compared to the eustatic sea-level curves of Vail and Hardenbol (1979) and Haq et al.
(1988).
The Midway section spans parts of the Early Miocene and the Pliocene-Quaternary and 
contains five disconformities, one within the Early Miocene, one extending from the Early 
Miocene to the Pliocene, and three within the Pliocene-Quaternary. There are uncertainties with 
respect to the precise biostratigraphic ages of the disconformities which are beyond the scope of 
this paper. However, these data do indicate a sharp eustatic sea-level fall during the Early Miocene 
and a series of rapid, brief rises and falls during the Pliocene-Quaternary, which is in agreement 
with the eustatic cun/e of Haq et al. (1988).
Enewetak has a more complete stratigraphic coverage from the Early Miocene to the present, 
with numerous disconformities. It is difficult to correlate the disconformities to specific eustatic 
lowstands on either curve (Enewetak a and b, Fig. 6.9), particularly in the Miocene. The strontium 
isotope ages (Ludwig et al., 1986 and 1988) and the biostratigraphic ages (Wardlaw, 1989) are 
not in clear agreement, in part because the strontium isotope method consistently gave ages 
between 1 and 2 Myr older than the biostratigraphic ages (Ludwig et al., 1988). However, the
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Figure 6.10 Synthesis of stratigraphic sea-level falls recorded at Midway, Enewetak, 
and Niue and comparison with the eustatic sea-level curves of Vail and Hardenbol (1979) 
and Haq et al. (1988). Data are from the following sources: Midway - Major and Matthews 
(1983) and Lincoln and Schlanger (1987); Enewetak - Ludwig et al. (1988) and Wardlaw
(1989); correlation of FELC stages with time after Adams (1984). The time correlations of 
the Midway unconformities are uncertain. Note the probable correspondence between 
the first Midway unconformity (1) and the large Early Miocene eustatic fall, the 
correspondence of the first Enewetak unconformity (2) with a series of rapid eustatic sea- 
level fluctuations on the Haq et al. (1988) curve, the multiplicity of unconformities in both 
Midway and Enewetak data in the Pliocene-Quaternary, a time of known rapid eustatic 
fluctuations, and the likely correspondence between the two Niue disconformities and 
the Late Miocene and Early Pliocene lowstands on the Haq et al. (1988) curve.
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disconformity which spans the Early-Middle Miocene boundary is in agreement with the 
contemporaneous series of rapid, brief eustatic rises and falls indicated by the Haq et ai. (1988) 
curve. The record of each eustatic sea-level rise was eroded during the succeeding sea-level fall, 
resulting in the absence of any depositional record over the Early-Middle Miocene boundary. The 
data also support the existence of a series of rapid, brief eustatic fluctuations during the Pliocene- 
Quaternary.
The Niue data cover the terminal Late Miocene and the lower Early Pliocene interval and 
include two disconformities. Whereas the Vail and Hardenbol (1979) curve indicates a prolonged 
eustatic lowstand occurring during the Late Miocene, the Haq et al. (1988) curves indicates a 
more complex sea-level history including at least two lowstands. The Niue data suggest that the 
Haq et al. (1988) curve is a more accurate reconstruction of the sea-level history during the Late 
Miocene than Vail and Hardenbol's cun/e.
Figure 6.10 demonstrates the potential offered by MOCPs for testing the consistency of the 
eustatic sea-levels acquired from passive continental margins by seismic stratigraphy. However, 
both stable and strontium isotopes are needed in order to improve the resolution of sea-levels 
acquired from MOCPs, and hence much work remains to be done.
6.2.8 Uncertainties Involved in the Derivation of Sea-levels from MOCPs
Derivation of the eustatic sea-level signal from MOCPs can be hampered by a number of 
factors, including i) tectonic movement due to nearby crustal loading, ii) geoidal-eustasy, and iii) 
hydro-isostatic deformation. The former is discussed first.
A MOCP can experience either a fall or a rise in relative sea-level if a new volcano develops 
nearby (McNutt and Menard, 1978). The load imposed on the crust causes the lithosphere within 
a radius of about 160 km to bow downward, whereas between 160 km and 300 km from the load 
there is a zone of upwarped lithosphere. Carbonate platforms between the node of flexure and 
the new seamount subside, experiencing a rise in relative sea-level. Those outside but near the 
node of flexure are uplifted, experiencing a fall in relative sea-level. Among carbonate platforms 
cited by recent studies as affected by such tectonic movements are the southern Cook Islands 
(McNutt and Menard, 1978; Lambeck, 1981a), the Society Islands (McNutt and Menard, 1978; 
Lambeck, 1981b), and the Tuamotu Islands (Lambeck, 1981b; Montaggioni, 1989). To reveal the
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lithospheric flexure effects on a carbonate platform, it is necessary to compare its sea-level history 
with that of adjacent carbonate platforms and with a "master" eustatic sea-level curve, such as that 
of Haq et al. (1988), as recently done by Montaggioni (1989).
The surface of the sea is higher than the theoretical geoidal surface in some places and lower 
in others, with a present maximum difference of as much as 170 m (Nunn, 1986). These geoidal 
anomalies move over time due to shifting relationships between the lithosphere and masses 
within the mantle and due to changes in the Earth's rotational rate (Morner, 1976). As they move, 
the anomalies may cause geoidal-eustatic fluctuations and deposition or erosion of carbonate 
sections which could mistakenly be attributed to tectonic or glaciai-eustatic effects. Since glacio- 
eustasy is global whereas geoidal-eustasy is local, the two can probably be distinguished in a 
MOCP by identification and dating of exposure surfaces and correlation of the surfaces to the 
master eustatic sea-level curve. Distinguishing geoidal-eustasy from tectonic effects is more 
difficult. Nunn (1986) contends that a tectonic uplift cannot be distinguished from a geoidal- 
eustatic fall on the sole basis of an exposed coral reef.
An additional source of uncertainty which may affect the glacio-eustatic sea-levels is the 
hydro-isostatic deformation resulting from shifting water loads from the ocean to continental ice 
and vice-versa (Walcott, 1972; Clark et al., 1978). For example, loading the oceanic crust with 
meltwater during a deglaciation would cause contemporaneous shoreline uplift at sites proximal to 
the former ice sheet (near-field), and subsidence at sites in the far-field. In absolute terms, the 
hydro-isostatic factor would be far more important in the sea-levels acquired from "near-field" sites 
than from "far-field" sites (Walcott, 1972; Clark et al., 1978). We submit that hydro-isostatic 
deformation had an insignificant effect on the glacio-eustatic sea-level estimates from MOCPs on 
the following grounds: i) the Pacific MOCPs were geographically located in the far-field region with 
respect to continental glaciation for their entire history of reef deposition, and ii) studies of post­
glacial sea-levels in the Pacific suggest that the hydro-isostatic contribution to sea-levels did not 
exceed 5 m (Nakiboglu et al., 1983), which is well within the experimental error of sea-level 
determinations from MOCPs.
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6.2.9 Conclusions
1) MOCPs offer a means to evaluate the Cenozoic portion of the eustatic sea-level cun/e of 
Haq et al. (1988). The latter was largely derived from sections along passive continental margins 
and continental interiors. MOCPs, on the other hand, generally have a simple tectonic history of 
subsidence which facilitates derivation of the eustatic record from the platform geologic history.
2) Recent studies have demonstrated the value of i) stable carbon and oxygen isotopes in 
identifying with confidence paleo exposure surfaces and paleo water tables in carbonate 
sections, and ii) strontium isotopes in dating carbonate sections beyond the resolution of FELC 
biostratigraphic methods. Used in conjunction, these techniques can identify and precisely date 
more exposure surfaces than either can alone. In so doing, the sea-level history of a platform can 
be more fully understood.
3) The sea-level histories of MOCPs can be complicated by factors such as lithospheric 
flexure around a younger volcano and geoidal-eustasy. Detection of these influences in a 
carbonate platform requires comparison of the sea-level record of the platform with the eustatic 
sea-level curve. MOCPs therefore are but one means of an iterative development of a Cenozoic 
eustatic sea-level curve.
6.3 Current Interpretation of the Eustatic Record at Niue
6.3.1 Introduction
The preceding section dealt with the subsidence and eustatic history using data collected 
early during the course of this project. Specifically, the ages of the two lowstands considered and 
the subsidence rates were based primarily on the results of 87Sr/e6Sr isotope ratios of the 
limestones. Since then, the stratigraphic resolution of the Niue section has been considerably 
improved using paleomagnetic analyses referenced to the ^Sr/^Sr isotope chronostratigraphy. 
Furthermore, more petrographic and geochemical evidence has been gathered in support of the 
existence and placement of the meteoric diagenetic zones. This section presents the current 
interpretation of the Niue sea-level record based on all of the lines of evidence developed during 
this project.
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6.3.2 Ages of the Sea-level Lowstands at Niue
The ages of the meteoric diagenetic zones were estimated on the premise that the upper 
contact of each MDZ represents a subaerial unconformity. The evidence for this conclusion are 
presented for each MDZ in each well in Chapter 5 and are summarized in section 5.9.
Preliminary estimates for the ages of some of the MDZs were published in Wheeler and 
Aharon (1991), presented above as section 6.2.6, and in Aharon et al. (1993). Wheeler and 
Aharon (1991) estimated the ages of MDZs 9 and 11 as end-Messinian and end-Zanclean, 
respectively, based on 87Sr/“ Sr isotope ratios of bracketing limestones that lay outside the MDZs 
themselves. Aharon et al. (1993) likewise estimated the ages of MDZs 3-10 as Messinian to early 
Zanclean on the basis of ^Sr/^Sr isotope ratios.
The ages of all of the MDZs are here more precisely determined using the paleomagnetism 
record presented in section 3.24. The age of the unconformity at the top of each MDZ was 
calculated by scaling the distances between the unconformity in the composite column and the 
overlying and underlying polarity chron boundaries (Fig. 6.11). The results are presented in 
column 3 of Table 6.1. The estimated ages indicate that there were 9 sea-level falls during the 
Messinian (MDZs 1-9), two during the Zanclean (MDZs 10-11), three during the Piacenzian (MDZs 
12-14), and one during the early Calabrian (MDZ 15).
The scarcity of evidence in the Niue carbonate platform of the numerous eustatic lowstands 
known to have occurred during the Pleistocene can be attributed in part to uplift of the Niue 
platform as it has approached the Tonga Trench. Subaerial erosion has undoubtedly removed 
part of the Pleistocene section from the Mutalau platform. The preserved section terminates in the 
interior in early Calabrian-age sediments. Furthermore, the paleo-water tables during many of the 
sea-level lowstands would probably have been located within the Upper Dolomite Unit. 
Dolomitization of this section renders it difficult to recognize the MDZs that developed within this 
interval either before or after dolomitization. As discussed in Chapter 7, there is clear evidence 
that meteoric diagenesis preceded and especially followed dolomitization at different levels in the 
Upper Dolomite, but the boundaries and the timing of these MDZs are unclear. For these reasons, 
fewer MDZs have been labeled here than can be observed within the Upper Dolomite.
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Figure 6.11 Location by depth of the meteoric diagenetic zones and their associated 
unconformities in the composite stratigraphic column for the Mutalau Platform. See Fig. 
5.14 for the mineralogy legend.
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Table 6.1 Estimated ages of the meteoric diagenetic zones in the Messinian-Piacenzian interval 

















Magnitude of the 
Sea-level Fall 
(m)3
15 30.5 1.65 23 5
14 25.5 1.91 23 5
13 12.5 2.15 34 5
12 2.0 2.81 15 5
11 -22.0 4.16 35 13
10 -47.5 4.99 20 10
9 -59.0 5.33 50/178 14
8 -76.0 5.47 15 30
7 -85.5 5.55 15 36
6 -92.5 5.61 15 30
5 -100.0 5.67 15 32
4 -114.0 5.78 15 34
3 -123.0 5.86 15 34
2 -130.0 5.99 15 35
1 -142.5 6.49 15 30
'The upper contact of each meteoric diagenetic zone represents a subaerial unconformity. The 
contacts for MDZs 4,5,7 ,9-11, and 13-15 are taken from the DH4 well. The tops of MDZs 1-3 
are extrapolated from the other wells due to poor core recovery in the DH4 well. MDZs 6,8, 
and 12 were not distinguished in the DH4 well and their tops are also extrapolated from the 
other wells.
2Ages were estimated by scaling between polarity chron boundaries in the DH4 well, used as the 
reference well.
Calculated from equations 6.7 and 6.8.
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6.3.3 Comparison of the Niue Lowstands with the Shackleton et al. (1995) 
Isotope Stage Curve
Shackleton et al. (1995) provided a detailed record of oxygen isotope stages from the earliest 
Pleistocene into the early Messinian based on data from ODP Site 846. Comparison of the 
lowstand record at Niue with the Shackleton curve on the basis of age suggests some possible 
relationships. Lowstand 1 is older than the ODP Site 846 record and no isotope stages were 
defined in the time interval during which lowstands 2-4 occurred. Lowstands 5 and 6 occur in the 
neighborhood of the TG (Thvera-Gilbert) stages 20-16, which had low amplitudes (0.4-0.5%» 
PDB). Lowstand 7 is roughly coeval with TG 14-10, which had similar low amplitudes. Lowstands 8 
and 9 are roughly coeval with TG 8 and 6, respectively, which had larger amplitudes (0.6-0.7%o 
PDB). These comparisons support the evidence from Niue of brief eustatic lowstands during the 
Messinian.
In the Zanclean interval, lowstand 10 could be related to Thvera stages 4 and 2. An alternative 
possibility is that it corresponds to Sidujfall stages 6 and 4, which have some of the largest 
amplitude deflections (0.6%» PDB) of the chron 3n interval. This suggests that the recognition of 
only three normal polarity subchrons in the Chron 3n record at Niue could indicate erosion of the 
3n.3r chron during lowstand 10. Lowstand 11 is coeval with Gilbert stage 16, which had a large 
amplitude (0.8%» PDB).
In the Piacenzian interval, lowstand 12 falls around Gauss stage 10. Lowstand 13 could be 
related to stage 82. Lowstand 14 is roughly coeval with stage 70. The large number of high- 
amplitude deflections in the Chron 2r interval, whereas only two lowstands could be discerned in 
the Niue platform suggests both that further work is needed and that it may not be possible to 
discriminate between the various Piacenzian lowstands in the Niue section.
In summary, there is a good correspondence between the timing of the recognized lowstands 
at Niue and the positive deflections in the Shackleton isotope stage curve. This suggests that the 
lowstands represented by the MDZs at Niue were the product of eustatic sea-level fluctuations. 
Furthermore, this correspondence suggests that many of the amplitude deflections in Shackleton 
isotope stage curve reflect changes in ocean volume, perhaps due to ice cap formation and 
glaciations, rather than changes in ocean temperature.
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6.3.4 Magnitude of the Sea-level Lowstands at Niue
In section 2.4.5, published as Wheeler and Aharon (1997), the magnitudes of sea-level 
lowstands 3-10 were estimated using the method of Lincoln and Schlanger (1987,1991) and the 
apparent ages for the lowstands of Aharon et al. (1993). The methods and assumptions used to 
reach these estimates were not detailed in section 2.4.5 and so are presented here, along with 
revised estimates of the duration and magnitude of the sea-level falls.
A sea-level fall results in subaerial exposure of the carbonate platform and the establishment 
of a floating meteoric lens within the platform. Due to the porous and permeable nature of 
carbonate platforms, the water table of the meteoric lens lies at or only a meter or two above sea 
level, particularly on a carbonate island (Buddemeier and Oberdorfer 1977). The magnitude of a 
sea-level fall (SLF) is therefore approximated by:
SLF = DV1 + DW (6.1)
where Dvl is the distance from the pre-erosional sediment surface to the lowstand water table, 
which is equivalent to the initial thickness of the meteoric vadose zone, and Dw is the water depth 
at that site during the preceding highstand. During the lowstand and exposure of the platform, a 
portion of the vadose zone is removed by erosion such that the remaining portion of the vadose 
zone represents only a fraction of the initial vadose zone thickness:
D„ = Dyp + D* (6.2)
where D,p is the thickness of the preserved vadose zone and Dve is the thickness of the eroded 
portion. D^ can be measured from the section, but D,, must be estimated from the erosional rate 
(Ra) and the duration of erosion (t,):
Dw = R« x t, (6.3)
The total time (t,) represented by the unconformity consists of: 1) the time spent in erosion
following the sea-level fall (t,), and 2) the time spent depositing the section that was removed by
that erosion (L):
t, = L + t. (6.4)
The thickness of the initial vadose interval (DV1) is equivalent to the sedimentation rate (Rs) 
times the time spent depositing the preserved portion (tp) and the eroded portion (tp):
D« = (Rsxtp) + (R,xtd) (6.5)
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The depositional time for the preserved portion can be estimated from:
tp = Dvp/Rs (6.6)
The magnitude of the sea-level fall can therefore be approximated by substituting equations
6.2 and 6.3 into equation 6.1:
SLF = [Dvp + (R .x U] + Dw (6.7)
The duration of erosion can be estimated by substitution of (t,-tg) for td in equation 6.5 and solving 
for t,:
1» = {[(Rs x (tp+tj] - DvpJ/fR, + R„) (6.8)
In Wheeler and Aharon (1997) and section 2.4.5, the sedimentation rate was estimated at 
92.11 m/Ma based on the difference in ^Sr/^Sr ratio-determined ages between -35 m elev. and 
-140 m elev. The sedimentation rates that will be used here are the accumulation rates 
determined from the paleomagnetic record in section 3.6.6 and displayed in Fig. 3.28. The 
estimated sedimentation rates are 114.5 m/Ma during the lowstands 1-9 interval, 28.4 m/Ma for 
the lowstands 10-11 interval, and 19.0 m/Ma for the lowstands 12-15 interval. Note that this 
procedure underestimates the actual sedimentation rates because an accumulation rate is based 
on the thickness of the preserved section and does not account for the missing section 
represented by the unconformities.
The erosional rates used here are taken from Table 1 of Lincoln and Schlanger (1987). The 
maximum rate of 380 m/Ma was observed at Grand Cayman, whereas the minimum rate of 18 m/Ma 
was taken from Florida's upper peninsula. The average erosional rate of 35 m/Ma was estimated 
from water-budget calculations by Lincoln and Schlanger (1987).
The total time represented by each unconformity is more difficult to gauge. The time spans of 
lowstands 1-8 are estimated to have been 15 Ka (column 4 of Table 6.1) based on the duration of 
positive 51S0  excursions in the upper Messinian intervals of DSDP core 552 (Keigwin 1987) and 
ODP Site 846 (Shackleton et al. 1995). The total time represented by lowstand 9 is estimated to 
have been 178 Ka (modified from Aharon et al. 1993) based on the magnitude of the offset in 
^Sr/^Sr values across the unconformity in the well DH4. However, the Site 846 record suggests 
that the corresponding TG stage 6 lasted only about 50 Ka. The durations of lowstands 10-15 are
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estimated from the durations of the correlative isotope stages in the Site 846 record to have 
ranged from 15 to 35 Ka.
In Wheeler and Aharon (1997) and section 2.4.5, the paleo-water depth at the composite 
section site (DH4-PB1) was estimated to have been 28 m, derived from the difference between 
the elevations of the present crest of the Mutalau Reef (70 m) and the present floor (42 m) of the 
paleochannel at Alofi (Fig. 2.2A). The depositional facies interpretation for the DH4-PB1 site 
presented in Chapter 4 and depicted in Figs. 4.1-4.2 indicates that the Lowstand 1-8 
unconformities are commonly underlain by sandy lagoon deposits that are consistent with paleo- 
water depths of around 30 m. However, the Lowstand 9-15 unconformities are underlain by sand 
shoal deposits that are indicative of water depths closer to 5 m.
The calculated magnitudes of the various lowstands are shown in column 5 of Table 6.1. The 
magnitudes of the sea-level falls during Lowstands 3-8 range from 30-36 m, which are comparable 
to the 34 m estimated by Wheeler and Aharon (1997) and in section 2.4.5 using the same paleo- 
water depth. The magnitudes of the sea-level falls during Lowstands 9 and 10 are 14 and 10 m, 
respectively. These values are much less than the 42 m and 34 m calculated by Wheeler and 
Aharon (1997) due to the estimated 28 m paleo-water depth used by Wheeler and Aharon (1997) 
and the 5 m paleo-water depth used here. The magnitude of the Lowstand 11 sea-level fall is 
estimated to have been 13 m. The magnitudes of each of the Lowstand 12-15 sea-level falls are 
estimated to have been 5 m.
6.3.5 Comparison of the Niue Eustatic Record to Global Records
Figure 6.12 depicts tectonic record of the Niue platform for the last 9 Ma plotted against the 
time scale of Cande and Kent (1995). The section was plotted along stage contacts using the 
polarity chron boundaries in the Niue composite record (Fig. 3.24) as time references against the 
contemporary burial depth below the water-sediment interface using the accumulation rates 
shown in Figure 3.8. The average depositional water depth was assumed to be 10 m. The final 
uplift of Niue during the Pleistocene was calculated as follows. The age of the Alofi Terrace, which 
was a fringing reef complex, has been determined to be 227 Ka based on U/Th dates (Nunn pers. 
comm. 1999). Since then, the Terrace has been uplifted from sea level to its present elevation of 
25 m, indicating an uplift rate of 0.11 m/Ka. The crest of the Mutalau reef presently lies at an
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Figure 6.12 Relative sea level record of the Mutalau Platform at Niue plotted against the time scale of Cande and Kent (1995). The 
paleomagnetic record shown is the Niue composite record (see Figure 3.24). The sea-level curve is the third-order curve of Haq et al. 
(1988) modified to the same time scale.
elevation of 70 m, so at the same uplift rate it should have begun to be uplifted at 636 Ka. The 
present elevations of the stage contacts in the composite record, plus the present elevation of 
the Mutalau reef are depicted at time 0.
The relative sea-level record at Niue is also compared to the third-order eustatic sea-level 
curve of Haq et al. (1988) in Figure 6.12. In the Messinian interval, there is a good 
correspondence between Lowstand 1 and a sea-level lowstand centered at 6.6 Ma. There is also 
a good correspondence between Lowstands 7-9 and the sea-level lowstand at the end of the 
Messinian. Lowstands 2-6 are not evident in the third-order curve, probably due to their short 
durations (15 Ka). In the Zanclean interval, Lowstand 10 is also not evident in the third-order curve 
due to its short duration (20 Ka), whereas Lowstand 11 occurs essentially at the onset of the third- 
order lowstand at the end of the Zanclean. Lowstand 12 plots in time near the beginning of the 
middle Piacenzian third-order lowstand and could reflect the erosion of section deposited late in 
the preceding highstand. Lowstand 14 coincides with the start of the end-Piacenzian to early- 
Calabrian third-order lowstand, whereas Lowstand 13 occurs during the middle of the preceding 
highstand. The lack of a corresponding lowstand in the third-order may reflect the relative brevity 
of Lowstand 13 (34 Ka). Finally, Lowstand 15 falls within the timespan of the end-Piacenzian to 
early-Calabrian third-order lowstand.
The calculated magnitudes of the sea-level falls at Niue do not compare as closely with the 
magnitudes of the Haq et al. (1988) third-order eustatic curve. Both the third-order curve and the 
Niue record suggest that the lowstand centered at 6.6 Ma resulted from a sea-level fall of about 30 
m. The Niue record indicates that the end-Messinian sea-level fall was 14-36 m in magnitude, 
whereas the third-order curve indicates a value of 70 m. The end-Zanclean sea-level fall was 10m  
and 100 m in magnitude according to the Niue and third-order curves records, respectively. The 
Niue record suggests that Lowstands 12-15 resulted from sea-level falls of 5 m, whereas the third- 
order curve indicates magnitudes of 90 m for both the middle and the late Piacenzian sea-level 
falls. These results reflect the difficulty of obtaining precise estimates of the magnitude of sea- 
level falls from unconformities and their associated meteoric diagenetic zones in carbonate 
platforms. A better way would be to combine the MDZ record with a sequence stratigraphic study 
of the Niue platform. However, the detailed study of the Niuean outcrops and the seismic and/or
251
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
core coverage necessary for such a sequence stratigraphic analysis remain to be done by future 
workers.
6.4 Summary
The meteoric diagenetic zone record preserved in the Mutalau platform carbonates indicate 
that there have been at least 15 sea-level lowstands at Niue between. 6.5 and 1.5 Ma. During the 
Messinian, there were 9 lowstands beginning at 6.49 Ma and ending with the sea-level fall that 
marked the end of the Messinian at 5.33 Ma. Most of the lowstands were brief (15 kyrs) with the 
exception of Lowstand 9 which may have lasted 50 to 178 kyrs. The Niue record suggests that 
the magnitudes of the Lowstand 1-8 sea-level falls ranged from 30 to 36 m, whereas the 
Lowstand 9 fall was about 14 m. In the Pliocene-early Pleistocene interval, the Niue record 
preserves evidence of at least 6 lowstands. Their durations are estimated to have been from 15 to 
34 kyrs and their magnitudes to have ranged from 5 to 13 m.
The Niue relative sea-level record overall coincides with the third-order eustatic cun/e of Haq 
et al. (1988). The lowstands shown on the third-order eustatic curve as occuring during the 
Messinian around 6.6 and 5.3 Ma, and during the Pliocene-early Pleistocene around 3.9, 2.4, and 
1.7 Ma are represented by lowstand evidence in the Niue record. The Pliocene lowstand at 3.1 
Ma is not readily apparent in the Niue record probably due to extensive dolomitization of what 
would have been the host section. The correspondence between the Niue record and the third- 
order eustatic curve suggests that the lowstand record at Niue reflects the impact of solely 
eustatic sea-level fluctuations on a subsiding platform prior to the initiation of uplift at 640 Ka as 
the Niue seamount approached the Tonga Trench.
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CHAPTER 7. DOLOMITIZATION OF THE NIUE PLATFORM
7.1 Introduction
In a paper derived from this study, Wheeler et al. (1999) dealt with the texture, geochemistry, 
and crystal chemistry of the dolomites in the Upper and Lower Dolomite sections of the Mutalau 
Platform interior and developed hypotheses on the timing, mediating fluids, and fluid-flow system 
during dolomitization. This paper is reproduced below as section 7.2. Following the preparation of 
Wheeler et al. (1999), petrographic and geochemical data were acquired from dolomites in the 
platform margin carbonates; these results and interpretations are presented in section 7.3. 
Throughout this study, dating of the Niue dolomites has been based on 87Sr/®6Sr ratios, measured 
mostly by P. Aharon, yet the data have been only briefly summarized in Wheeler et al. (1999). 
Through courtesy of P. Aharon, all of the dolomite a7Sr/®6Sr results and their age interpretations 
are presented here in section 7.4. Finally, the question of the hydrologic system that mediated 
the Plio-Pleistocene dolomitization of the Niue platform, partially addressed in Wheeler et al. 
(1999), is considered in section 7.5. The results of the geochemical analyses on groundwaters 
from Niue’s meteoric lens, coastal brackish springs, and coastal waters are presented in Appen­
dix J.
7.2 Successions of Late Cenozoic Platform Dolomites Distinguished By 
Texture, Geochemistry, and Crystal Chemistry: Niue, South Pacific'
7.2.1 Introduction
Whereas the concept of dolomitization by seawater in shallow-water carbonate platforms has 
recently acquired widespread acceptance (Sass and Katz 1982; Sailer 1984; Land 1985, 1991; 
Aharon et al. 1987; Vahrenkamp and Swart 1990; Hein et al. 1992; Machel and Burton 1994;
Budd 1997), the hydrologic system driving the fluid through the platform and the factors affecting 
fluid/rock interaction during dolomitization are controversial and poorly understood (Budd 1997). 
The proposed fluid flow models range from sluggish in semi-isolated diagenetic systems (Sass 
and Katz 1982) to well-circulated open hydrologic systems driven either by glacio-eustasy
’ Reprinted from Wheeler, C. W., Aharon, P., and Ferrell, R. E., 1999, Successions of late 
Cenozoic platform dolomites distinguished by texture, geochemistry, and crystal chemistry: Niue, 
South Pacific: Journal of Sedimentary Research, v. 69, p. 239-255, by permission of SEPM (the 
Society for Sedimentary Geology).
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(Wheeler and Aharon 1993,1997; Vahrenkamp et al. 1991; Vahrenkamp and Swart 1994) or by 
thermal convection (Simms 1984; Sailer 1984b; Aharon et al. 1987; Hein et al. 1992). An 
additional controversy concerns the question whether kinetic or thermodynamic factors are the 
chief controls on the chemical and isotopic compositions of platform dolomites (Sass and Katz 
1982; Vahrenkamp and Swart 1994; Sibley et al. 1994; Banner 1995).
In this study we investigate the factors affecting the petrology and chemistry of platform 
dolomites, and the likely hydrologic regime under which they form. In order to achieve these 
objectives, we have undertaken a systematic study of the stratigraphic distribution, petrography, 
and chemical and isotopic composition of dolomites in cores from Niue Island (19°00‘ S, 169°50' 
W), South Pacific (Fig. 7.1). The study documents the cumulative chemical record of coexisting 
multiple phases of dolomite related to repeated episodes of dolomitization, and provides an 
alternative to the concept of kinetic effects on dolomite chemical and isotopic compositions 
(Vahrenkamp and Swart 1994; Sibley et al. 1994).
7.2.2 Geological Setting
Niue is one of the largest carbonate islands in the Pacific basin, with a surface area of 259 km2 
(Fig. 7.2A). its periphery is a 1200 m-wide karstified ridge composed of lithified reef debris that 
terminates at the coast in terraced seacliffs. The ridge encloses and slopes gently into a broad, 
flat-bottomed interior basin consisting of poorly cemented carbonate sands. A relic passage from 
the former lagoon to the open ocean cuts through the ridge south of Alofi (Fig. 7.2A). The 
carbonate platform is underlain by an Early to Middle Miocene basaltic volcano whose crest lies 
beneath the southwestern part of the island (Hill 1983) (Fig. 7.2B). The carbonate platform varies 
from 400 m thick over the volcanic crest (Hill 1983) to more than 700 m in the platform interior 
(Barrie 1992) (Fig. 7.2B). It is differentiated laterally into the modem fringing reef, the Alofi 
Terrace, and the emergent Mutalau Atoll (Schofield 1959). The latter forms the overwhelming bulk 
of the platform, consisting of most of the peripheral ridge and all of the interior basin, whereas the 
Alofi Terrace is a narrow Pleistocene complex of fringing reefs (Paulay and Spencer 1992).
The upper 320 m of the Mutalau Atoll platform, summarized in Figure 7.3, was divided into 
four informal units on the basis of lithologic composition as follows: (1) Upper Limestone (outcrops
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Figure 7.1 Location map of Niue, the Tonga Trench, and adjacent islands and 
seamounts in the South Pacific.
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Figure 7.2 Topographic map and cross section of Niue. A) Map view showing the 
former barrier reef-lagoon complex and the location of cores, water wells and the quarry at 
Amanau (A). Line A-B is the cross section in Fig. 7.2B and line A'-B' is the cross section in 
Fig. 7.3. B) Cross section showing the carbonate platform, the underlying volcanics and 
volcaniclastics, and the meteoric lens.
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Figure 7.3 Stratigraphic cross section of the cores used in this study, showing their mineralogy (M) and lithotacies (L). Datum is modern 
sea level. Age determinations are based on magnetostratigraphy (Lu et al. 1996) and Sr isotope chronostratigraphy (Aharon et al. 1993).
only); (2) Upper Dolomite; (3) Middle Limestone; and (4) Lower Dolomite. Magnetostratigraphy (Lu 
et al. 1996), strontium isotope chronostratigraphy (Aharon et al. 1987; Aharon et al. 1993; Aharon 
and Wheeler 1994,1995), and biostratigraphy (Wheeler and Aharon 1991) indicate that the 
depositional age of the study interval ranges from Late Miocene (Tortonian) to Late Pliocene 
(Piacenzian).
The Niuean paleoenvironment was reconstructed on the basis of facies distribution in the 
cores (Fig. 7.3) and outcrops. During the Late Miocene and Pliocene, Niue was a shallow-water 
carbonate platform fronted by a barrier reef. At the platform margin, massive coral-rich reef core 
and seaward-dipping (20-30°) fore-reef deposits constitute the sea-facing cliffs of the Mutalau 
Atoll. In the platform interior, the sediments are chiefly lagoonal deposits dominated by benthic 
foraminifera, coralline red algae, echinoids, and mollusks. The Lower Dolomite and Middle 
Limestone consist of fine- to medium-grained skeletal packstones and wackestones interbedded 
with coral floatstones, indicating subtidal deposition in an open lagoon with patch reefs. Fine- to 
coarse-grained skeletal packstones and moderately to well-sorted grainstones interbedded in 
winnowed and coarsening-upward cycles indicate alternate flooding of the lagoon and shoaling- 
upward sedimentation during the Pliocene.
The eustatic record at Niue is based on 16 identifiable zones of meteoric diagenesis that 
underlie coeval subaerial unconformities (Aharon et al. 1993; Wheeler and Aharon 1994,1997). 
There is no evidence of subaeriai exposure or meteoric diagenesis in the Tortonian section, 
which suggests a prolonged sea-level high. The 11 meteoric zones in the uppermost Lower 
Dolomite and Middle Limestone (Messinian-Zanclean) and 5 zones in the Upper Dolomite 
(Zanclean-Piacenzian) indicate frequent fifth-order eustatic fluctuations during the Messinian and 
Pliocene. The Niue record is broadly consistent with the third-order, less detailed global eustatic 
reconstructions of Haq et al. (1988). Niue has been emergent since the early Pleistocene, 
probably because of upwarping of the lithospheric plate as it approaches the Tonga Trench 
(Dubois et al. 1975).
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7.2.3 Methods
Core Samples
Samples collected from cores PB1, DH4, and DH5 were obtained at 1 m intervals, and those 
from cores PB2 and DH7 (Fig. 7.1 A and 7.2) were taken at 0.5 m intervals. They were studied in 
hand specimen and thin section (n = 165) using standard petrographic and SEM procedures. 
Geochemical Analyses
Geochemical and crystallographic analyses of dolomites (93 Upper Dolomite and 48 Lower 
Dolomite samples) were conducted on powders treated with acetic acid to remove calcite and 
aragonite (Aharon et al. 1987).
Carbon and oxygen isotope determinations followed the methodology of Aharon et al. 
(1987). The dolomite 8180  values have not been corrected for the difference in H3P04 
fractionation factors between a calcite standard and a dolomite sample because most Niue 
dolomites are calcian and may have fractionation factors more similar to calcite than to dolomite 
(Aharon et al. 1977). Repeated analyses of standards indicate an overall error (1o) of ± 0.15%0 
including extraction and mass spectrometry.
Elemental concentrations (Ca, Mg, Sr, Na) were processed following the method described 
by Robinson (1980) and were measured with a Perkin-Elmer ICP-AES 6500. The elemental 
concentrations were corrected for systematic variations with the Topla reference dolomite (Schroll 
1987). Replicate analyses of the reference dolomite indicate an error (1o) of ± 2.3% for Ca, Mg, 
and Sr and ± 0.7% for Na.
Electron microprobe analysis was used to determine the composition (Ca, Mg, Sr, Na) of 
specific Lower Dolomites and their calcite inclusions on a JEOL Superprobe 733 using a 1 pm 
spot size, 15 kV beam, and a 2 nA current.
X-Ray Diffraction Techniques
Mineral abundance (n = 394) was determined by X-ray diffraction (XRD) analysis of randomly 
oriented powders on a Philips APD 3720 system using Cu Ka radiation. Side-loaded samples 
were scanned between 2 and 50° 28 with a step size of 0.040° 20 and a counting time of 1.0 
s/step. Mineral weight percentages were calculated by integrated peak intensity procedures 
similar to those described by Cook et al. (1975).
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7.2.4 Results 
Dolomite Petrography
Four textural types of Niue dolomites can be distinguished on the basis of induration and 
depositional fabric preservation: (1) crystalline mimetic (CM); (2) transitional crystalline mimetic- 
microsucrosic (CMS); (3) microsucrosic (MS), and (4) crystalline non-mimetic (CNM) (Table 7.1). 
The classification follows that defined in studies of Bahamian carbonate platforms (Dawans and 
Swart 1988; Vahrenkamp and Swart 1994), because the Niuean and Bahamian dolomites are 
remarkably similar. The petrographic features pertinent to the understanding of the nature and 
relative timing of platform dolomitization are briefly summarized below.
CM dolomites in hand specimens are dark tan and well indurated (Table 7.1). In thin sections, 
CM texture is characterized by: (1) moderate to highly mimetic replacement of the depositional 
fabric by very finely crystalline dolomite (5-10 pm) (Fig. 7.4A, B), (2) abundant pore-lining dolomite 
spar (Fig. 7.4C, D), and (3) tightly interlocked crystal fabric (Fig. 7.4D). Porosity (5-30%) and 
permeability (64 millidarcies, n = 3; Jacobson and Hill 1980a) are the lowest of the four dolomite 
types because of occlusion by dolomite spar.
MS dolomites are chalky white and friable, and appear leached in hand specimens (Table 7.1). 
MS texture is typified in thin sections by: (1) extensive dissolution of most grains (Fig. 7.4E, F) 
leaving an open mosaic of finely crystalline dolomite (15-50 pm) (Fig. 7.4G), (2) poorly to non- 
mimetic grain replacement (Fig. 7.4E), and (3) individual crystals composed of dark inclusion-rich 
cores surrounded by thin limpid rims of dolomite cement (Fig. 7.4F, G). Porosity (15-50%) (Fig. 
7.4E) and permeability are relatively high (296 millidarcies, n = 3; Jacobson and Hill 1980a) 
because of dissolution and the absence of cement.
CMS dolomites contain features of both CM and MS textures (Table 7.1). Hand specimens are 
pale tan to white and are moderately indurated to friable. Microscopically, the precursor fabric is 
moderately preserved by a sucrosic mosaic of dolomite crystals (10-30 pm) (Fig. 7.4H). Primary 
and moldic pores have very thin linings of limpid dolomite cement (Fig. 7.4H).
Dolomitized samples with CNM texture range from white and chalky to tan and well indurated 
(Table 7.1). In chalky samples, dolomite rhombs form a loosely intergrown mesh (Fig. 7.5A) 
whereas well-indurated samples consist of a tightly interlocking mosaic of finely crystalline
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replacement of many 
grains, isopachous 
cement linings
calcian 41.4 + 0.6 
(n = 36) 
40.2-42.4
234 ± 19 
(n = 36) 
204-286
386 ± 39 
(n = 36) 
310-462
2.5 ± 0.5 
(n = 36) 
1.2-3.2
2.8 ± 0.3 













42.2 ± 0.8 
(n = 26) 
40.9-43.8
214 ± 18 
(n = 26) 
183-241
330 ± 41 
(n = 26) 
272-405
2.6 ± 0.5 
(n = 26) 
1.5-3.3
3.0 ± 0.4 














44.9 ± 0.9 
(n = 29) 
42.8-46.7
142 ± 26 
(n = 29) 
93-193
241 ± 47 
(n = 29) 
144-335
2.8 ± 0.3 
(n = 29) 
2.2-3.3
3.6 ± 0.3 






and (minor) Upper 
Dolomite and 
Middle Limestone
tan, hard, and 








calcian 40.9 ± 0.6 
(n = 49) 
39.2-41.9
293 ± 67 
(n = 49) 
217-572
339 ± 59 
(n = 43) 
270-615
2.0 ± 0.2 
(n = 50) 
1.4-2.2
4.2 ± 0.3 
(n = 50) 
3.7-4.6
In the numerical data, the first row indicates mean and ±1o error, the second row indicates the number of data points, and the third row shows the observed range.
Figure 7.4 Photomicrographs and SEM illustrations of dolomite textures and crystal phases in 
the Upper Dolomite. Scale bars are 100 pm. A) CM dolomite has mimeticaily replaced coralline 
red algae (r) and micrite envelopes (g). The cores of some grains have been replaced by 
dolomite microspar (s). Dolomite cement (c) isopachously lines interparticle and moldic pores (p). 
(DH4-22, plane light). B) CM dolomite has mimeticaily replaced an echinoid grain (e). 
Replacement of other grains ranges from very finely (g) to finely crystalline (s). Dolomite cement 
has syntaxially overgrown the echinoid (o) and isopachously lines other pores (c). (PB1-13, 
plane light). C) Example of a CM dolomite containing a single phase (Phase II). The uniform 
brightness suggests little variation in major-element composition of either replacive dolomite (g) 
or dolomite cement (c and o). (PB1-13, SEM). D) Example of a two-phase (Phases II and III) CM 
dolomite. Grain (g) consists of both calcian (Phase II; bright areas, I) and stoichiometric dolomite 
(Phase III; dark areas, d). The cement (c) consists of only calcian dolomite (Phase II). CM 
dolomites are generally composed of Phase II with minor proportions of Phase III. (DH4-22, 
SEM). E) Example of a MS dolomite texture. Porosity and permeability are high because of 
moldic porosity (p) and limited dolomite cementation. (PB2-29, plane light). F) Close-up of a MS 
texture. Moldic grains are outlined by chains of rhombs (d) with cloudy cores and limpid rims of 
dolomite cement. Echinoid grain (e) has a thin cement lining. (PB2-29, plane light). G) Example 
of a two-phase (Phases II and III) MS dolomite. The cores (c) of dolomite rhombs are calcian 
(Phase II; bright), whereas the rims (r) are more stoichiometric (Phase III; dark). Note the leaching 
displayed by some dolomite cores (v). MS dolomites are generally composed of Phases II and ill 
in subequal proportions. (DH4-43, SEM). H) CMS dolomite texture with preserved grain shapes 
and non-mimetic replacement. Dolomite cement linings (d) are isopachous and thin. (PB1-40, 
plane light).
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Figure 7.5 Photomicrographs and SEM illustrations of CNM textures in the Lower Dolomite. 
Scale bars are 100 pm unless otherwise noted. A) Typical white, chalky, CNM dolomite 
consisting of loosely interlocking euhedral to subhedral dolomite crystals (d) and unreplaced 
calcite grains (foram, f) and matrix (dark areas). (DH4-198, plane light). B) Example of a tan, 
dense, CNM dolomite with tightly interlocking subhedral dolomite crystals. The foram (f) is only 
faintly preserved. (DH4-276, plane light). C) Rare example of mimetic replacement in CNM 
dolomite. Dolomite has mimeticaily replaced the hypothallus (h) of a coralline red algae, but has 
non-mimetically replaced the perithallus (p). The matrix (m) is unreplaced. (DH4-293, plane light). 
D) Partially dolomitized micrite matrix consisting of dolomite rhombs (d) scattered among the 
remaining calcite microspar (s). Note the bright inclusions (i) of calcite in many dolomite rhombs. 
CNM dolomites are composed exclusively of Phase IV. (DH4-246, SEM). E) Dolomite (d) fringes 
and partially replaces a coral mold (m). The remaining micrite matrix is undolomitized. (DH4-264, 
plane light). F) Bladed calcite cement (c) lines the inner surface of a foram and is encrusted by a 
dolomite rhomb (d). The bright areas within the rhomb are inclusions of the bladed calcite (i). 
Dolomite (r) has replaced part of the adjacent micrite matrix. (DH4-270, SEM, 10p scale bar).
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dolomite (10-20 pm) (Fig. 7.5B). CNM dolomites are typified by: (1) fabric-destructive replacement 
(Fig. 7.5B), although some coralline algae are mimeticaily replaced (Fig. 7.5C), (2) calcite- 
inclusion-bearing dolomite rhombs (Fig. 7.5D), and (3) dolomite spar linings of molds (Fig. 7.5E). 
Porosity (10-50%) and permeability are variable.
The Upper Dolomite is characterized by an upward repetition of the CM-CMS-MS textures, 
suggesting a linkage between dolomite textures and depositional facies (Fig. 7.6). Dolomitized 
grainstones and matrix-poor packstones usually have CM texture, whereas dolomitized matrix-rich 
packstones and the few wackestones have MS texture. CMS textures occur in packstones at the 
transitions between the other two textural types. The dominance of MS in the lower interval and 
CM in the upper interval reflects an upsection evolution of the deposition system from packstones 
to grainstones. CNM textures are limited to the Lower Dolomite and show no relation to 
depositional facies (Fig. 7.7).
Elemental Chemistry and Stable Isotopes
The four dolomite textures recognized at Niue are also geochemically distinct (Table 7.1). In 
the Upper Dolomite, CM and MS dolomites are significantly different with respect to their Mg, Sr, 
and Na concentrations and S,80  values but are not distinguishable by their 813C values (student's-t 
test at 99% confidence level) (Fig. 7.8). The CM dolomites (n = 36) are calcian (41.4 ± 0.6 Mg mole 
%) and are comparatively high in Sr (234 ± 19 ppm) and Na (386 ± 39 ppm). In contrast, the MS 
dolomites (n = 29) are more nearly stoichiometric (44.9 ± 0.9 Mg mole %) and are lower in Sr (142 
± 26 ppm) and Na (241 ± 47 ppm). CM dolomites are less ,80  enriched than are MS dolomites (2.8 
± 0.3%o and 3.6 ± 0.3%o PDB, respectively). The CMS dolomites are intermediate between CM 
and MS dolomites (Table 7.1). 8’80  values of the Upper Dolomite textures covary with Mg (Fig.
7.7), except for six samples from core PB2 with lower 5’80  values indicating a small meteoric-water 
component during dolomitization (see below). In contrast, Sr and Na concentrations vary inversely 
with Mg (Fig. 7.9A, B).
Unlike the heterogeneous upper dolomites, the CNM dolomites are uniformly calcian (40.9 
± 0.6 Mg mole %, n = 49), and high in Sr (293 ± 67 ppm, n = 49) and Na (339 ± 59 ppm, n=43) 
(Table 7.1). They have relatively low 813C values (2.0 ± 0.2%o PDB, n = 50) and the highest 8,80  
values (4.2 ±0.3%o PDB) found among the Niuean dolomites (Fig. 7.10). CNM dolomites are
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Figure 7.6 Depth plots of the Upper Dolomite showing mineralogy, lithofacies, dolomite textures, Mg/Ca and Sr/Ca molar ratios, and 813C 
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Figure 7.7 Depth plots of the Lower Dolomite showing mineralogy, lithofacies, dolomite textures, Mg/Ca and Sr/Ca molar ratios, and 8,3C 
and 8180 . Note the monotonous dolomite texture and the relative uniformity of geochemical trends by comparison to the upper dolomites 




















38 40 42 44 46 48 50
Mg m ole %
Figure 7.8 Crossplot of 51S0  versus Mg mole % of Niuean dolomites. CM dolomites 
constitute the lighter 8180  end member, whereas the MS dolomites form the heavier 8180  
end member. Note that the CNM dolomites cluster separately because of their calcian 
composition and heavy 5180  values. The exceptional six outliers have anomalously light 
5180  values, which are attributed to mixed meteoric-marine pore fluids.
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Figure 7.9 Crossplots of trace-element concentrations versus Mg mole % in the Niue 
dolomites. The linear regressions are limited to the CM-CMS-MS dolomites, with CM and 
MS dolomites forming end members. CNM dolomites generally form clusters and show 
steep linear behavior attributed to inclusions of Sr and Na-rich LMC (see text). A) Sr 
concentrations. The ‘‘Bahamas" line is from Vahrenkamp and Swart (1990). B) Na 
concentrations. Na has not been measured in the Bahamian dolomites.
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Figure 7.10 Crosspiot of 8,3C versus 5180  of dolomites distinguished by texture.
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geochemically distinct (student's-t test at 99% confidence level) from both CM and MS dolomites 
in all five parameters (Figs. 7.8-7.10). CNM dolomites generally show no covariance of Sr (Fig. 
7.9A), Na (Fig. 7.9B), or 8’aO (Fig. 7.8) with Mg. Exceptions showing unusual enrichments in Sr 
and/or Na are caused by inclusions of Sr and Na-rich CaC03 within the dolomite rhombs because:
(1) there is an apparent linear relationship between Sr, Na and Mg (Fig. 7.9A, B); (2) CNM 
dolomite rhombs are often cloudy (Fig. 7.5B, E) due to inclusions of bladed crystals (Fig. 7.5F); 
and (3) detailed microprobe analyses of CNM dolomites (Table 7.2) reveal that the inclusions 
inferred to be LMC are Sr and Na-rich (697-936 ppm and 217-546 ppm, respectively) whereas the 
inclusion-free dolomite sectors are low in Sr and Na (159-285 ppm and 215-375 ppm, 
respectively).
The relationship between geochemical composition and dolomite texture can be discerned in 
depth plots of the Upper Dolomite in Figure 7.6. Three intervals showing comparatively high 
Mg/Ca, low Sr/Ca, and iaO enrichment at -21 to -17 m, -10 to -3 m, and 6 to 9 m coincide with MS 
textures. Low Mg/Ca, high Sr/Ca, and 180-depletion zones at -13 m, -2 to 4 m, and 11 to 31 m 
occur in CM textures. There is no apparent relationship between the S13C values and either 
dolomite texture or lithofacies, but a broad 30 m thick interval of relatively high 8t3C values (2.5- 
3.5%o) is bracketed by lower S,3C (1.5-2.5%«) (Fig. 7.6). Elemental and stable-isotope 
compositions of CNM dolomites show little variability upsection and no relationship with lithofacies 
(Fig. 7.7). Mg/Ca and Sr/Ca molar ratios remain near the mean (0.69 ± 0.02 and 5.7 ± 1.2 x 10“*, 
respectively; n = 47) throughout the section, as do 8'3C and 5180  (2.0 ± 0.1 and 4.3 ± 0.3%o PDB, 
respectively; n = 48). The exception at -259 m subsea (N4-293d) has a low Mg/Ca molar ratio 
(0.65) and 8180  (3.7%0 PDB), and an unusually high Sr/Ca molar ratio (10.3 x 10"*).
Dolomite Crystal Chemistry
Compositional variations in dolomites are commonly detected through cathodoluminescence 
and are quantified by means of electron microprobe analysis (e.g., Banner et al. 1988; Cander et 
al. 1988). In cases where dolomites are nonluminescent, such as the majority of platform 
dolomites, variations in Mg and ordering of dolomites can be discerned by standard XRD 
techniques. However, interference between the peaks of different coexisting phases hamper 
extraction of the d values and peak intensities necessary to quantify those variations (Sass and
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Table 7.2 Electron microprobe analysis of dolomite rhombs and their calcite inclusions from the Lower Dolomite.















N4-198 -164 42.2 ± 0.5 
(n = 12) 
41.3-43.2
285 ± 171 
(0 = 8) 
87-494
375 ± 186 
(n = 10) 
166-665
4.6 ± 0.4 
(0 = 4) 
4.2-5.3
697 ± 338 




N4-270 -236 42.5 ± 0.4 
(0 = 7) 
42.1-43.1
159± 116 
(0 = 5) 
57-349
215± 150 
(0 = 6) 
42-375
3.8 ± 1.1 
(0 = 5) 
2.5-5.1
768 ± 390 
(0 = 5) 
456-1,334
546 ± 383 
(0 = 2) 
275-816
N4-293 -259 41.0 ±0 .5  
(n = 13) 
40.0-41.8
2 63 ± 194 
(0 = 8) 
27-609
323± 138 
(0 = 6) 
126-423
4.0 ± 1.8 
(0 = 9) 
2.1-7.0
936 ± 304 
(0 = 9) 
443-1,400
217 ± 142 
(0 = 4) 
92-413
The first row indicates mean and + 1o error, the second row indicates the number of data points, and the third row shows the observed range.
Katz 1982). Computer deconvolution of interfering peaks allows the various phases to be 
disentangled (see section 7.2.7).
Samples from the Upper Dolomite commonly have multiple reflections, indicating up to three 
coexisting crystal phases of variable order (Figs. 7.11A, 7.12; Table 7.3). Phase I is very calcian 
(39.2 ± 0.3 Mg mole %), Phase II is calcian (41.5 ± 0.8 Mg mole %), and Phase III is more nearly 
stoichiometric (46.5 ± 1.0 Mg mole %). CM dolomites are dominated by the calcian Phase II, with 
variable small amounts of the more stoichioimetric Phase III. MS dolomites have Phases II and III in 
subequal proportions, whereas CMS dolomites are intermediate between CM and MS samples 
(Fig. 7.12). Phase I is a minor component in all three textures. In contrast, samples from the Lower 
Dolomite have simple reflections (Fig. 7.11B; Table 7.3), indicating that the dolomites consist of a 
single calcian phase (Phase IV, 41.3 ± 0.5 Mg mole %).
All dolomites at Niue are nonluminescent, and therefore the phases identified on the basis of 
XRD cannot be distinguished by cathodoluminescence. In order to determine the paragenetic 
sequence of the different phases, the dolomites were analyzed with a backscattered electron 
detector (BSE) in a SEM. Ca has a higher atomic mass than does Mg, so calcian dolomite 
produces a brighter image than stoichiometric dolomite. In MS textures, the cores of individual 
rhombs are brighter, indicating they are more calcian than the rims (Fig. 7.4G). In CM textures, the 
BSE images confirm that most of the replacive and cement dolomite is calcian (Fig. 7.4C, D), 
whereas the more nearly stoichiometric dolomite is limited to limpid rims on rhombs in the interiors 
of some allochems (Fig. 7.4D). These relationships indicate that in CM-CMS-MS textures, the 
calcian dolomites are the early phases and the more nearly stoichiometric dolomites developed 
later.
7.2.5 Discussion
Geochemical Fingerprints of the Niuean Dolomites
Two distinct views were recently expressed with respect to the factors controlling the 
elemental chemistry and stable isotopes of early postdepositional dolomites. Sass and Katz 
(1982) proposed a primarily thermodynamic control related to the degree of openness of the 
diagenetic system and the mineralogy of the precursor (aragonite and HMC versus LMC). Thus, 
variations in Mg/Ca, Sr/Ca, Na/Ca, and ,80 /160  ratios of dolomite are attributed to the degree of
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Figure 7.11 XRD traces before deconvolution. The number of peaks for a given 
reflection indicates how many distinct crystal phases are present. A) Typical Niuean upper 
dolomite (DH4-56d) with two dolomite phases. B) Typical Niuean lower dolomite (DH4- 
271 d) with a single calcian and comparatively ordered dolomite phase. C) Single-phase 
stoichiometric and ordered dolomite GFS-400 standard. D) Artificial mixture (49:51 by 
weight) of single-phase dolomites GFS-400 and DH4-271d demonstrating doubling of 
the 018 and 116 reflections. The 20 positions remain unchanged but the peak intensities 
decrease.
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Figure 7.12 Histograms of the relative abundances of crystal phases in Upper Dolomite 
textures. Phase II is dominant in CM dolomites (n = 20), whereas Phases II and III are of 
subequal abundance in MS dolomites (n = 10). CMS dolomites (n = 11) are intermediate 
in composition.
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water/rock interaction in a progressively closed pore-f!uid system. In contrast, Dawans and Swart 
(1988) and Vahrenkamp and Swart (1994) proposed a chiefly kinetic control on the elemental and 
isotope ratios in contemporaneous dolomites caused by variable precipitation rates related to the 
permeability of the precursor sediments. Below, we propose a modified thermodynamic control 
model and show that oxygen-isotope ratios and elemental compositions of the CM-CMS-MS 
dolomites are determined by the variable proportions of the dolomite phases they contain (Fig. 
7.12).
Factors Controlling 8,aO of the Dolomites
Both thermodynamic and kinetic factors could determine the 8,80  values of dolomites. 
Ambient temperature, pore-fluid 5'80  (Land 1985), and stoichiometry (Aharon 1988) are the 
principal thermodynamic factors, whereas incomplete oxygen extraction (2 out of 3 oxygens) by 
orthophosphoric acid (Sharma and Clayton 1965; Aharon et al. 1977; Land 1980) and dolomite 
precipitation rates (Vahrenkamp and Swart 1994) are the principal kinetic factors.
In the Upper Dolomite, 8'80  values of the dolomites show a linear increase of 0.20%o per Mg 
mole % (Fig. 7.8). Such an increase cannot be explained by stoichiometry alone because 
increased substitution of Mg for Ca would lead to a change of only 0.03-0.08%o per Mg mole % 
(interpolated from magnesite and calcite 6'80  fractionations; Aharon 1988). Similarly, the dolomite- 
orthophosphoric acid kinetic factor of 0.02%o per Mg mole % (Sharma and Clayton 1965; Land 
1980) is insufficient to account for the observed change. The precipitation rate could be the 
controlling factor if the inferences made by Vahrenkamp and Swart (1994) (i.e., calcian dolomites 
precipitate faster than stoichiometric dolomites and the rate difference is reflected in the SieO 
values) are correct. We suggest instead that the apparent increase of 8’80  with stoichiometry in 
the CM-CMS-MS textures is chiefly caused by variable proportions of dolomite phases (Fig. 7.12) 
that formed at different times from pore fluids with distinct S,80  values and/or temperatures. Our 
contention is supported by (1) the linear relationship displayed by the CM-CMS-MS textures 
consisting of variable mixtures of three distinct dolomite phases, and (2) the absence of a linear 
trend in CNM dolomites that are composed of a single phase (Fig. 7.8). Were kinetics the primary 
control and all ambient conditions equal, then dolomites from Bahamas, St. Croix, and Niue 
should display the same S,80  per Mg mole % ratio. The fact that their slopes differ significantly
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Table 7.3 Stoichiometry and ordering in Niue dolomites determined by XRO analysis.
Dolomite
Phase





1 degree of ordering
%
I CM, CMS 39.2 ± 0.3
(n = 10)
38.6 - 39.6
37.8 ± 10.5 
(n = 9) 
23.4 - 57.1
11 CM, CMS, MS 41.5 ± 0.8 
(n = 43) 
40.1 - 43.4
48.3 ± 16.1 
(n = 32) 
17.5 - 91.6
II I CM, CMS, MS 46.5 + 1.0 





IV CNM 41.3 ± 0.5 
(n = 25) 
40.2 - 42.1
69.0 ± 8.9 
(n = 25) 
50.7 - 84.0
The scans used with counting time of 2.4 s/step were: (i) range 25.5-27.5°20 and (ii) range 33- 
42°26. Range 49-52°26 was scanned with counting time of 4.0 s/step. All scans employed a 
step size of 0.020°29. The high-angle scan was run with a longer counting time in order to 
enhance resolution of the 018 and 116 reflections.
' first row: mean and ± 1o error; second row: number of data points; third row: observed range.
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(0.22%o per Mg mole %, Vahrenkamp and Swart 1994; 0.33%o per Mg mole %, Gill et al. 1995;
0.20%o per Mg mole %, this study) argues against such a control.
A remaining question is why 5180  values of the CNM dolomites depart significantly from those 
values displayed by CM-CMS-MS dolomites. We suggest that this departure is caused primarily by 
the fact that CNM dolomites are diachronous with respect to the upper dolomites (Aharon and 
Wheeler 1995), and likely formed from pore fluids of different chemical properties, including 
higher 5’80  compositions.
Factors Controlling Trace Element Chemistry of the Dolomites
Sr and Na concentrations in the CM-CMS-MS dolomites show strong linear correlations with 
Ca content, whereas most CNM dolomites fall within nonlinear clusters (Fig. 7.9A, B). The 
relationships between Sr, Na, and Mg concentrations displayed by the Niuean CM-CMS-MS 
dolomites could be ascribed to: (1) increased availability of Ca sites in calcian dolomites, (2) kinetic 
factors, or (3) mixing of dolomite phases.
Concerning Sr, the distribution coefficient of Sr/Ca between stoichiometric dolomite and its 
parent fluid, DSrao„ is estimated to be 0.012 by Vahrenkamp and Swart (1990), and between 0.015 
to 0.025 by Banner (1995). From these distribution coefficients, the predicted Sr concentration in 
an ideal dolomite formed from modem seawater with a Sr/Ca weight ratio of 0.0195 is estimated to 
be 50-106 ppm. Because Sr substitutes for Ca in the dolomite structure (Behrens and Land 
1972; Kretz 1982), it follows that Sr concentrations should be higher in calcian than in 
stoichiometric dolomites. Were this Sr excess caused solely by substitution at the additional Ca 
sites, then Sr concentrations would be expected to increase at a rate of 1 ppm for every Ca mole 
% above the ideal 50%, if DSrdol is 0.012 (Vahrenkamp and Swart 1990). Because the observed 
rates in the Bahamian and Niuean dolomites are instead 20 and 26 ppm per excess Ca mole %, 
respectively (Fig. 7.9A), factors other than excess Ca must be operative.
Unlike Sr, the exact location of Na in dolomite is controversial (Budd 1997). Most of the Na in 
the Niuean dolomites probably occurs as elemental substitution for Ca in the dolomite structure 
because Na and Ca concentrations display a strong postive correlation in the CM-CMS-MS 
dolomites (40 ppm Na increase for every excess Ca mole %, Fig. 7.9B). Na substitutes for Ca 
because Na* and Ca2* have similar ionic radii (1.02 A and 1.00 A, respectively) in six-fold
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coordination (Shannon and Prewitt 1969). The distribution coefficient of Na in dolomites is poorly 
known (White 1978), but the similarity between Sr and Na behavior with respect to Mg for the CM- 
CMS-MS dolomites implies a common controlling factor.
Vahrenkamp and Swart (1990) have argued that dolomite growth rate may influence the Sr 
concentration in a manner analogous to calcite, where faster precipitation causes greater uptake 
of Sr (Kitano et at. 1971; Lorens 1981). Banner (1995) proposed an alternative to the kinetic 
model for Bahamian dolomite Sr geochemistry involving a compositional evolution of pore fluids 
via diagenetic reactions. Both models pertain to single-phase dolomites.
At Niue, the CM-CMS-MS dolomites are not single-phase but contain variable mixtures of 
three dolomite phases (Fig. 7.12) with different compositions (Table 7.3). Here we propose that 
the chief reason for the linear correlations shown in Figures 7.9A and 7.9B is the mixing of two Sr- 
and Na-rich calcian phases (i and II) and a Sr- and Na-poor, more nearly stoichiometric phase (III) in 
CM-CMS-MS dolomites. Furthermore, the absence of such a correlation in the CNM dolomites is 
attributed to the presence of a single Sr- and Na-rich calcian phase (IV) with a limited range in Mg, 
Sr, and Na concentrations. Departure toward higher Sr and Na concentrations with decreasing Mg 
displayed by some lower dolomites (CNM) is caused by the presence of Sr- and Na-rich calcite 
inclusions (Fig. 7.5F, Table 7.2).
Dolomite Phase Composition
The individual dolomite phases must differ compositionally in order to cause the observed 
chemical variations in whole-rock samples. The Ca and Mg compositions directly measured using 
XRD indicate that the phases are distinct (Table 7.3). The average Sr, Na, and 5'80  compositions 
of Phase II have been obtained directly from CM dolomites that consist only of Phase II (Table 7.4). 
The average Sr, Na, and 5180  compositions of Phase I and Phase III are estimated from their Mg 
mole % (Table 7.3) and the linear relationships shown in Figures 7.8 and 7.9 (Table 7.4).
According to these estimates, a MS dolomite sample (e.g., N1 -36.5d) with a 46:54 mixture of 
Phases II and III should have Sr, Na, and 8180  compositions of 158 ppm, 274 ppm, and 3.5%» PDB, 
respectively. The measured values for this typical sample are 148 ppm, 230 ppm, and 3.4%o PDB, 
respectively, which are in good agreement with the predicted values.
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Table 7.4 Geochemical compositions of the end-member dolomite phases.






2 5’80  
(%o PDB)
I 39.2 9 292 ± 8 466 ± 16 2.5 ± 0.1
II 41.5 6 225 + 13 391 ± 39 3.0 ±0.1
I I I 46.5 15 100 ±26 174 ±30 3.9 ± 0.2
IV 41.3 49 293 ± 67 339 ± 59 4.2 ± 0.3
' From Table 7.3.
2 Phase II compositions were measured directly in 6 single-phase CM dolomites composed of only 
Phase II. Compositions of Phases I and III were estimated from the average Mg mole % and the 
corresponding Sr, Na, and 8180  values from Figs. 7.8 and 7.9. Phase IV compositions are from 
single-phase CNM dolomites (Table 7.1).
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Nature of Dolomitizing Fluids at Niue
The question concerning the nature of the dolomitizing fluids involves two issues: (1) the 
source of Mg, and (2) how it was delivered to the site of dolomitization. Because Niue is a former 
seamount atoll, only volcanics, volcaniclastics, carbonate sediments, and seawater are potential 
sources of Mg. Niue's volcanics are probably basaltic (Hill 1983), and therefore marine porewater 
alteration of the volcanics at either low (Guy et al. 1992) or high temperatures (Dudoignon et al.
1989) would sequester Mg2* into Mg-smectites rather than release it. Mass-balance calculations 
show that the Mg freed during diagenetic alteration of HMC sediments to LMC is insufficient to 
convert limestone to massive dolomite (Aharon et al. 1987). All previous studies of the Niuean 
dolomites have concluded that seawater was the chief source of Mg during dolomitization. The 
unresolved disagreements have centered on whether the seawater had been concentrated by 
evaporation (Schlanger 1965; Schofield and Nelson 1978), diluted with meteoric water in a 
meteoric-marine mixing zone (Rodgers et al. 1982), or remained largely unaltered (Aharon et al.
1987; Wheeler and Aharon 1993,1997) prior to dolomitization. Clues to the nature of the fluid 
can be derived from the lithofacies as well as from the dolomite geochemical compositions, 
including Sr and Na concentrations, 5’80 , and 813C.
Lithofacies Evidence
The iithologic and skeletal character of the Tortonian-Piacenzian section indicate that at least 
during deposition, lagoonal waters remained at or near normal marine salinity. Evidence of 
hypersaline conditions such as evaporites or abiotic intervals is absent. At Great Bahama Bank, 
the sediments associated with slightly elevated salinities (37-42%») consist of pelietal muds with 
only a small proportion of skeletal grains, dominantly peneroplid forams, mollusks, and Halimeda 
(Purdy 1963, data summarized by Bathurst 1971). Intervals with such a restricted biological 
community are absent from the Pliocene section at Niue and are rare and thin in the Miocene 
section. Therefore, by analogy with the Bahamas, dolomitization from seawater-derived fluids that 
have been evaporated is unlikely.
Evidence from Elemental Chemistry and Stable Isotopes
Sr concentrations in the Niuean dolomites (93-341 ppm) are similar to those in Bahamian 
dolomites (63-295 ppm) of inferred marine origin (Vahrenkamp and Swart 1990; Vahrenkamp et
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al. 1991; Vahrenkamp and Swart 1994) (Fig. 7.9A). Na concentrations in both Upper and Lower 
Dolomite samples (324 ± 73 ppm, n = 93, and 339 ± 61 ppm, n = 41, respectively) are similar to 
those in dolomites (243-521 ppm) with an inferred seawater/mixing zone origin (Staudt et al. 
1993). However, the variable Na content probably does not reflect changes in salinity of the 
dolomitizing fluid as has been proposed elsewhere (e.g., Land and Hoops 1973; Sass and Katz 
1982; Sass and Bein 1988) because Na concentration and 5,80  (both proxies of salinities) vary 
inversely in the CM-CMS-MS dolomites (Fig. 7.13A). It instead reflects mixing of dolomite phases 
as previously indicated. The trace-element concentrations therefore eliminate evaporitic and 
burial brines as likely dolomitizing fluids, but cannot serve to discriminate between normal 
seawater and mixed meteoric-marine fluids.
Extensive dolomitization of carbonate sediments requires large quantities of fluid to supply 
the Mg, so the water/rock ratio with respect to oxygen isotopes will be high and the 6'8Odolomite 
values will reflect that of the water (Land 1980). While acknowledging the uncertainties and 
assumptions recently reviewed by Budd (1997), the S18©*,,,, of the dolomitizing fluids can be 
estimated from measured values using the equation below (modified from Land 1985)
and the premise of a A,8Od0|0mM.eatale of 3.8%o (Land 1992):
- [2.78 X (lO VT2)] -0.91 (7.1)
where the 8180  values of both water and dolomite are in %o SMOW, and T is temperature in K. The 
formation temperature during dolomitization can be approximated using the present thermal 
gradient in the platform (-4.0 °C/100 m, approximated from the neighboring GEOSECS data, 
Broecker et al. 1982).
A conservative estimate using this gradient for temperatures during dolomitization of the 
Upper Dolomite is 29° to 25 °C on the basis of the following considerations: (1) the present-day 
ocean surface temperature of 29 °C, and (2) a maximum burial depth of 100 m (the distance 
between the crest of the Mutalau Atoll and the base of the Upper Dolomite). With respect to the 
Lower Dolomite, the estimate is 25° to 21 °C, on the basis of: (1) dolomitization during the 
Messinian (Aharon and Wheeler 1995), (2) a minimum burial depth of 70 m (the distance between 
the tops of both the Messinian section and the Lower Dolomite, Fig. 7.2), and (3) a maximum
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Figure 7.13 Crossplots of trace-element composition and S180  of Niuean dolomites. 
Enclosed fields are CM-CMS-MS dolomites, exclusive of six samples whose light 5,80  
values suggest interaction with mixed meteoric-marine fluids. Na and Sr concentrations 
vary inversely with 51sO in the CM-CMS-MS dolomites, whereas most CNM dolomites form 
a single cluster. A) The inverse linear relationship between Na content and 8180  in the 
CM-CMS-MS dolomites indicates that variations in 5180  values were not caused by 
changes in pore-fluid salinity. B) The high-Sr tail among CNM dolomites is attributed to 
inclusions of Sr-rich LMC.
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burial depth of 200 m (the distance between the top of the Messinian section and the base of the 
Lower Dolomite in DH4).
In the Upper Dolomite, the calculated values (Fig. 7.14) range from 1.9 to 2.7%o
SMOW using an average value of 3.1 ± 0.5%o PDB (n = 71). Since the 818Owaler of modem
meteoric groundwaters at Niue is -4.6 ± 0.5%o SMOW (n = 19, unpublished data), the dolomitizing 
fluids did not include a meteoric component, except perhaps for six outliers from PB2 (Fig. 7.8). 
The Ŝ Caoiomae values (2.6 ± 0.5%o PDB, n = 71) also indicate minimal interaction with Niuean 
meteoric groundwaters (-8.6 ± 1.5%o PDB, n = 19; unpublished data). The calculated 5'8Owaier 
range from values (about 1.9%o) similar to the 5,eOMawalar during Pleistocene glacial maxima (2.0%o 
SMOW, predicted using Fairbanks (1989) and modem 5’8Ojeawatar values measured at Niue, 0.7 
± 0.3%o SMOW, n = 2) to a higher value of 2.7%o. The higher values could have been
caused by: (1) lower-than-predicted formation temperatures, and/or (2) slight evaporation of 
seawater. The isotopic evidence suggests dolomitization of the Pliocene section during Plio- 
Pleistocene glacial cycles in seawater of normal or slightly elevated salinity. This contention is 
supported by Sr isotope data that yield a Plio-Pleistocene age of dolomitization (Aharon et al. 
1987; Aharon and Wheeler 1995).
In the Lower Dolomite, the calculated values (Fig. 7.14) range from 2.1 to 3.0%o
SMOW using an average value of 4.2 ± 0.3%o PDB (n = 50). The calculated 6'80 M,er and
the Ŝ Caoion,;,, (mean 2.0 ± 0.2%o PDB; Table 7.3) indicate that dolomitization was mediated by 
seawater without the input of meteoric water. However, the 8,80  value of latest Miocene seawater 
is presently uncertain because of masking by ice volume and temperature effects (Kastens 1992). 
What is clear from deep-sea cores is that 8’80  values of foraminifera fluctuated ± 0.6%= PDB at least 
twice, possibly because of brief (15,000 yr) continental glaciations (Keigwin 1987). High- 
resolution sections at Niue (Aharon et al. 1993) and offshore Greenland (Zhang and Scott 1996) 
reveal that there were eight fifth-order sea-level lowstands during the Messinian. The magnitudes 
of the fluctuations may have been at least 30 m (Aharon et al. 1993; Wheeler and Aharon 1997) to 
100 m (Zhang and Scott 1996). The heavy 6180 <lokxnile and calculated S’8Owaler values observed in 
the Lower Dolomite may indicate that dolomitization occurred during these fifth-order glacio- 
eustatic falls when seawater was '80  enriched. Alternatively, the thermal gradient near Niue during
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Figure 7.14 Predicted 8'8Owaler of the fluids that equilibrated with the Niue upper and 
lower dolomites at the ambient temperatures. Each box shows the mean ± 1a of the 
measured S18©*#,,*,, compositions.
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Figure 7.15 Calibration of the dolomite degree of ordering relative to the dolomite 
standard GFS-400 and a modem dolomite from Solar Lake (Aharon et al. 1977).
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the latest Miocene may have been steeper, like that presently near Enewetak (up to -6.0 °C/100 
m; Swartz 1958).
Model of Dolomitization at Niue
The model of dolomitization, compatible with data presented in the preceding sections, is 
summarized below:
(1) Dolomitization likely occurred in the marine phreatic zone beneath the meteoric-marine 
mixing zone. Mixing zones and the associated seawater circulation require partial emergence of 
the platform. In submerging platforms such a requirement is accomplished only during glacio- 
eustatic fails when the rate of sea-level fall exceeds the rate of subsidence. Stepwise shifts in the 
locus of dolomitization attributed to fifth- and higher-order glacio-eustatic fluctuations contributed 
to massive dolomitization.
(2) The initial stage of dolomitization involved replacement of aragonite and HMC sediments 
by Ca-rich dolomite Phases I and II and cementation by dolomite Phase II in CM-CMS-MS textures. 
The degree of dolomitization was dictated by the permeability of the sedimentary facies precursor,
i.e., winnowed sands (grainstones/packstones, CM precursors) were completely and often 
mimetically replaced whereas muddy sands (wackestones/packstones, MS precursors) were only 
partially replaced.
(3) The CaC03 precursors in MS textures left unreplaced by Phase II dolomites were dissolved 
in the meteoric vadose/phreatic zone during later sea-level falls. In contrast, CM textures 
experienced minimal leaching because of prior extensive dolomitization.
(4) Dolomitization by stoichiometric Phase III postdated Ca-rich dolomite Phases I and II and 
meteoric dissolution. CM textures acquired less Phase III dolomite than MS textures because of 
the significant prior reduction of porosity and permeability by Phase II cementation. We attribute 
the restriction of cementation in MS textures to thin rims of stoichiometric Phase III dolomite to low 
supersaturation levels of seawater-derived fluids buffered by their interaction with precursor 
calcian dolomites formed in stage 2 above.
(5) Slow growth and/or neomorphism of calcian dolomite may have resulted in CNM textures.
Evidence corroborating the hydrological flow and the steps of dolomitization above is detailed
in the paragraphs below.
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Seawater circulation beneath the mixing zone is driven by hydrodynamic instability resulting in 
discharge at the coastline, where the meteoric lens meets the ocean (Cooper et al. 1964). We 
have observed and sampled vigorous flows of brackish water (12-14%o salinity) at Niue emerging 
from large karst features at the base of seacliffs. In order to maintain a steady-state flow, discharge 
of fluid from the mixing zone requires equivalent recharge from both the overlying meteoric lens 
and the underlying marine phreatic zone (Kaufman 1994). The feasibility of this fluid flow has 
been recently demonstrated by numerical modeling (Stewart and Fuller 1993; Kaufman 1994). 
The strongest circulation in the marine phreatic zone is probably limited to permeable beds near 
the mixing zone (up to 2300 millidarcies at Niue, Jacobson and Hill 1980a).
Massive dolomitization of the 60 m thick Upper Dolomite section by a fluid-flow regime limited 
to an interval a few meters thick below the mixing zone requires stepwise shifts in the vertical 
position of the dolomitizing fluid zone. Four observations provide corroborating evidence that 
dolomitization was likely associated with multiple eustatic fluctuations: (1) complete dolomitization 
of both CM and MS precursors; (2) intervals of permeable undolomitized limestones interbedded 
with the dolomites in the section (Fig. 7.7); (3) permeability reversal in the MS textures with 
respect to the CM textures caused by meteoric leaching; and (4) Phase III dolomitization 
succeeding the meteoric leaching.
Were the meteoric lens immobile, then only a relatively thin interval below the paleo-mixing 
zone would have been dolomitized. The contrary evidence, of alternating CM-CMS-MS dolomites 
and the interbedded limestones in Figure 7.6, supports the mechanism of vertical oscillations of 
the meteoric lens through the carbonate column. Forward modeling of carbonate platform 
dolomitization under glacio-eustatic conditions suggests that thick sections of dolomite can be 
produced in this way (Humphrey and Quinn 1989; Whitaker et al. 1997).
Meteoric dissolution imprints are best represented by molds of aragonitic skeletal grains (e.g., 
Halimeda, corals, mollusks) whose outlines are preserved by micrite envelopes (Fig. 7.4A, E, H). 
Two types of petrographic relationships support the view that dissolution of these grains 
preceded dolomitization: (1) dolomite cements in CM textures line the internal as well as external 
surfaces of the molds (Fig. 7.4B, E), and (2) limpid dolomite rims in MS textures encrust replacive 
dolomite rhombs within grain molds (Fig. 7.4E, G).
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The history of permeability and precursor mineralogies in CM-CMS-MS dolomites is 
reconstructed below on the basis of the following four considerations: (1) The precursors to CM 
dolomites (grainstones and matrix-poor packstones) were initially more permeable than the 
precursors to MS dolomites (matrix-rich packstones and wackestones) judging from permeabilities 
in comparable Holocene lithologies (Enos and Sawatsky 1981). (2) Permeability in CM dolomites 
was considerably reduced by dolomite cementation (Fig. 7.4A-D), whereas it was markedly 
increased in MS dolomites by meteoric leaching (Fig. 7.4E-G). (3) The mimetic replacement 
characteristic of CM dolomites (Fig. 7.4A) indicates that their precursors were likely aragonite and 
HMC, whereas the non-mimetic replacement in MS dolomites (Fig. 7.4E and F) suggests either 
prior alteration of the CaC03 precursor to LMC (Bullen and Sibley 1984; Sibley 1982,1991) or 
partial replacement of precursor aragonite and HMC under conditions of lower permeabilities. (4) 
Petrographic evidence (Fig. 7.4C, D, G) indicates that in both CM and MS textures the replacive 
stage of dolomitization was by calcian dolomite (Phase II), whereas the more nearly stoichiometric 
dolomite (Phase III) developed later.
The inverse relationship between both Na and Sr, and 8180  observed in CM-CMS-MS textures 
(Fig. 7.13A, B) support our model. Dolomitization of a Sr and Na-rich metastable precursor such as 
modem reef sediments containing aragonite and HMC (Sr concentrations of 1200-4000 ppm, Na 
concentrations of 1100-2500 ppm; Land and Hoops 1973) during an interstadial sea-stand would 
result in Sr- and Na-rich calcian dolomite with relatively low 5’80  values (Phases I and II).
Conversely, dolomitization of a LMC precursor (Sr and Na concentrations 50 to 500 times less 
than in the original sediments; Veizer 1983) or neomorphism of a calcian dolomite precursor 
during a glacial low sea-stand would produce a Sr- and Na-poor stoichiometric dolomite with high 
5,80  values (Phase III).
The elemental and isotopic geochemistry of the CNM dolomites in the Lower Dolomite likely 
developed from seawater-derived fluids at burial depths in excess of 70 m. Because 
dolomitization occurred during the latest Miocene (Aharon and Wheeler 1995), a time of frequent 
sea-level fluctuations (Aharon et al. 1993; Zhang and Scott 1996), it is reasonable to assume that 
the same hydrologic flow model proposed for the Upper Dolomite was active during dolomitization 
of the Lower Dolomite. We contend that initial dolomitization preceded stabilization of the
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limestone precursor, not unlike the CM textures of the Upper Dolomite, on the basis of observed 
relic mimetic replacement of some originally HMC coralline red algae (Fig. 7.5C) and benthic 
foraminifera. Most other dolomitized skeletal grains are poorly preserved or are unrecognizable 
(Fig. 7.5B), however, suggesting either slow dolomite nucleation and growth, or dolomite 
neomorphism.
According to Mazzullo (1992), the four criteria for recognizing dolomite neomorphism are: (1) 
increased stoichiometry and ordering, (2) increased crystal size, (3) decreased 8,0O, Sr, and Na 
values, and (4) homogenization of primary zonation. The CNM dolomites probably developed by 
extensive neomorphism of a calcian, disordered, dolomite precursor similar to the CM dolomites 
judging from the following: (1) CNM dolomites are comparatively ordered (Table 7.3), (2) crystal 
sizes are coarser in CNM dolomites than in CM dolomites (20-120 pm versus 5-70 pm), (3) Na 
concentrations are lower in CNM than in CM dolomites (Fig. 7.9B), and (4) individual rhombs show 
no compositional zoning either in SEM (Fig. 7.5D, F) or cathodoluminescence. The high S180  
values of our CNM dolomites do not fit one of Mazzullo's criteria, but we notice that (1) Mazzullo's 
criteria are derived from burial dolomites whose low 81S0  values were reset at high temperatures, 
and (2) neomorphic dolomites from Belize have remained calcian and enriched in Sr and ,80  while 
undergoing increased ordering and crystal size due to Ostwald ripening (Gregg et al. 1992). 
Comparison with Late Cenozoic Dolomites of the Bahamas
The Niuean dolomites show striking similarities (Table 7.5) to the dolomites in the Miocene- 
Pliocene sections of San Salvador Bank (Dawans and Swart 1988), Little Bahama Bank 
(Vahrenkamp and Swart 1994), and Great Bahama Bank (Melim et al. in press), as summarized 
below:
(1) Shoaling-upward depositional backreef/lagoon cycles in the Pliocene section that have been 
replaced by CM and MS dolomite textures.
(2) Fabric-destructive CNM dolomite textures typical of the upper Miocene strata and attributed to 
neomorphism of a calcian dolomite precursor.
(3) Geochemical trends in both elemental chemistry and stable isotopes.
(4) Age of dolomitization (Late Miocene in the lower sections, Plio-Pleistocene in the upper 
sections) linked to the specific texture and geochemistry of dolomite.
290

















Table 7.5 Elemental geochemistry and stable-isotope compositions of Niue, San Salvador Bank (SSB), and Little Bahama Bank (LBB) 
dolomites. No Na values were reported in the Bahamian studies.
Dolomite Platform Mg Sr Na 8,3C 8,80
Texture mole % (ppm) (ppm) (%o PDB) (%o PDB)
CM Niue 41.4 + 0.6 234 + 19 386 1 39 2 .51  0.5 2.8 1 0.3
dolomites (n = 36) (n = 36) (n = 36) (n = 36) (n = 36)
SSB 44.9 ± 1.2 241 ± 79 — 1.910.7 1 .710.3
(n = 42) (n = 30) (n = 13) (n = 32)
LBB 42.7 1 2.2 202 ± 51 — 2.1 1 0.6 3 .01  0.5
(n = 109) (n = 113) (n = 117) (n = 117)
MS Niue 44.9 ± 0.9 142 ±26 241 1 47 2.8 1 0.3 3.6 1 0.3
dolomites (n = 29) (n = 29) (n = 29) (n = 29) (n = 29)
SSB 47.7 + 1.0 106120 — 1 .510 .6 2.7 1 0.5
(n = 52) (n = 39) (n = 10) (n = 40)
LBB 43.6 ± 2.3 184157 — 2.0 1 0.5 3.4 1 0.3
(n = 113) (n = 114) (n = 116) (n = 115)
CNM Niue 40.9 1 0.6 293167 339 1 59 2 .01  0.2 4.2 1 0.3
dolomites (n = 49) (n = 49) (n = 43) (n = 50) (n = 50)
SSB 43.8 ± 0.6 2071 11 — 2.1 1 0.9 2.01 0.5
(n = 15) (n = 5) (o = 7) (n = 8)
LBB 43.7 ± 1.2 178131 — 2.3 1 0.5 3 .01  0.4
(n= 90) (n= 90) (n = 86) (n = 86)
Numerical data are mean and ± 1o error (n = number of samples).
Data on San Salvador Bank are from Dawans (1988) and Dawans and Swart (1988), inclusive of data from Supko (1970,1977); data from 
Little Bahama Bank are from Vahrenkamp (1988). Dolomite textures are from his Plate 1.
The remarkable textural and geochemical similarity of probably contemporaneous dolomites on 
opposite sides of the globe supports the hypothesis that dolomitization in shallow-water 
carbonates proceeds in seawater of a homogeneous chemicai composition.
Although the observations are similar, some of our interpretations diverge significantly from 
the ones applied to the Bahamian dolomites. The principal issue concerns the interpretation of 
the linear trends observed between Sr, Na, and 5,80  against Mg mole % (Figs. 7.8, 7.9). Whereas 
the Bahama studies attributed the linear trends to kinetic effects (Dawans and Swart 1988; 
Vahrenkamp and Swart 1994), we have demonstrated that the same trends were achieved at Niue 
by mixing geochemically distinct, diachronous, dolomite phases. The distinct geochemical 
composition of the individual phases were acquired through coupling of permeability, precursor 
mineral compositions, and eustatic changes.
7.2.6 Conclusions
(1) Dolomite in the carbonate platform at Niue occurs in two bodies stratigraphically separated 
by 130 m of undolomitized limestone. The Upper Dolomite (Pliocene section) is characterized by 
nearly complete replacement and by three dolomite textures including crystalline mimetic (CM), 
transitional (CMS), and microsucrosic (MS). The Lower Dolomite (Tortonian section) shows only 
partial replacement by a single dolomite texture of crystalline non-mimetic (CNM).
(2) The Upper Dolomite consists of seven shoaiing-upward depositional cycles, which 
correspond to seven alternating successions of dolomite textures. A typical upward sequence 
consists of MS overlain by CM. Distribution of the dolomite textures is linked to the degree of 
openness of the pore system as governed by the permeability and degree of meteoric alteration 
of the precursor limestone. The permeability of CM dolomite precursors grew progressively 
clogged (partially closed system) during replacement and cementation by Phases I and II. 
Conversely, the depositional precursors of MS dolomites started with relatively low permeability 
during replacement by Phase II and progressively evolved into higher permeability by meteoric 
leaching preceding the precipitation of the stoichiometric Phase III dolomite.
(3) X-ray diffraction analysis indicates that the CM-CMS-MS dolomites are mixtures of up to 
three dolomite phases with variable order: Phase I (39.2 Mg mole %), Phase II (41.5 Mg mole %), 
and Phase III (46.5 Mg mole %). The proportions of the three phases in each texture are
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characteristic: CM (II» I and III), CMS (II > III» I), and MS (III = I I» I). Linear relationships between 
CM-CMS-MS texture and geochemical composition (Mg mole %, Sr, Na, 810O) are attributed to 
phase mixing. The CNM dolomites consist of only Phase IV (41.3 Mg mole %), which explains the 
absence of wide geochemical variations.
(4) The geochemical composition of the dolomite phases was determined chiefly by 
water/rock interaction and was controlled by the precursor permeability and carbonate mineral 
composition. Replacement of Sr-rich CaC03 precursors yielded Sr-rich calcian dolomites, whereas 
replacement of Sr-poor LMC or calcian dolomites yielded Sr-poor stoichiometric dolomites.
(5) Dolomite 51sO values in both the Upper and Lower Dolomite units indicate that the 
dolomites developed from seawater-derived pore fluids. Dolomitization of the Upper Dolomite 
Unit occurred in the marine phreatic zone beneath the mixing zone that developed whenever a 
glacio-eustatic fall subaerially exposed the platform. The heavier 810O values of the lower 
dolomites may indicate dolomitization in deep (and colder) seawater.
(6) Niue dolomites are texturally and geochemically similar to the probably contemporaneous 
dolomites in the Mio-Pliocene sections of the Bahamian platforms, suggesting that seawater- 
mediated dolomitization in shallow-water carbonates is linked to glacio-eustasy.
7.2.7 Crystal*Chemistry Techniques
Dolomite crystal chemistry was determined on purified dolomites using ground quartz as the 
internal standard. Each powder was packed and measured three times using the scans specified 
in Table 7.3. The diffractograms were stripped to remove the Ko  ̂signal, smoothed, and corrected 
for goniometer shifts by reference to the quartz 110 peak.
A large number of samples display multiple overlapping order/disorder reflections indicating 
the presence of two or more distinct dolomites (Fig. 7.12A). In order to demonstrate that the 
multiple peaks are caused by coexisting dolomite phases, a 49:51 weight mixture of GFS-400 and 
N4-271d was prepared and scanned. GFS-400 is a dolomite standard with 49.5 Mg mole % 
whereas N4-271d is a purified single-phase dolomite with 41.4 Mg mole % from Niue's Lower 
Dolomite. Separately, the two dolomites yield singular XRD reflections (Fig. 7.12B, C), but in the 
mixture the order/disorder reflections show partial overlapping and diminished intensities (Fig. 
7.12D). Individual peaks were resolved using a software deconvolution program except in cases
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of low abundance (< 25%), where the technique is imprecise. The Mg mole % of the resolved 
dolomite phases were derived from the d values of the 116 and 018 reflections after the method 
of Goldsmith and Graf (1958). Calibration of the XRD determinations was accomplished with ICP 
results of GFS-400 and 24 single-phase Niue dolomites.
The degree of ordering in Niuean dolomites was derived by comparing intensities of ordering 
and non-ordering reflections in samples and standards (Fig. 7.15) using the relations below, 
modified after Aharon et al. (1977):
relative order (%) = g V ^ g g S g o  *  <00 (7.2)
Election ralio = (7.3)
where I is peak intensity. The intensity of the 015 reflection is sensitive to dolomite ordering, 
whereas the intensities of the 110 and 113 reflections are not (Aharon et al. 1977). The peaks 
were normalized to the intensity of the non-ordering 110 reflection in order to offset the 
abundance effect on coexisting phases.
Analytical results of the reference dolomite standard GFS-400, a modem Solar Lake dolomite, 
and 25 single-phase Niue dolomites indicate that there is a linear relationship between percent 
relative order and reflection ratio (Fig. 7.15). In order to test the assertion that GFS-400 has ideal 
ordering (Ingamells and Suhr 1967), the “a" and “c" unit-cell parameters of GFS-400 were 
analyzed on the XRD and were calculated using TREOR in the program Winlndex. The results, 
listed in Table 7.6, establish that GFS-400 has “a“ and “c" dimensions (4.8080 ±0.0006 A and 
16.0066 ±0.0043 A, respectively) which are near the ideal (4.8045 and 16.00 A, respectively; 
Land 1985). In contrast, a modern Solar Lake dolomite previously described by Aharon et al. 
(1977) and three single-phase calcian dolomites from the Lower Dolomite at Niue (Table 7.6) yield 
"a" and "c" values that depart significantly from ordered dolomite values, confirming our 
inferences regarding dolomite ordering based on peak intensities.
Individual Niue dolomite samples commonly consist of more than one crystal phase (Fig.
7.12A), and therefore their relative proportions need to be assessed. Comparison of the mean 
116 and 018 peak intensities of each coexisting phase yields relative proportions with an
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Table 7.6 Unit-cell measurements of GFS-400, Solar Lake dolomite (Aharon et al. 1977), and 
three purified single-phase (Phase IV) Niue dolomites.




GFS-400 4.8080 ± 0.0006 16.0066 ± 0.0043 4
Solar Lake 4.8231 ± 0.0012 16.1471 ± 0.0033 2
N4-223d 4.8296 ± 0.0007 16.1547 ± 0.0037 3
N4-247d 4.8318 ± 0.0004 16.1619 ± 0.0042 2
N4-285d 4.8297 ± 0.0007 16.1541 ±0.0014 3
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estimated error (1a) of ± 10% derived from artificial mixtures of GFS-400 and DH4-27ld (Fig. 
7.12D).
7.3 Petrography and Geochemistry of the Platform Margin Dolomites
At the time that the Wheeler et al. (1999) paper was being prepared, the samples collected 
from the platform margin during the 1996 field trip had not been examined and the platform margin 
dolomites remained unknown. The petrographic character of the dolomites has since been 
determined and their stable isotope composition have been analyzed in those samples with a 
sufficient proportion of dolomite to withstand removal of the coexisting limestone. The methods 
and results of these studies are presented here.
Samples were collected from measured sections in platform margin in the Amanau quarries as 
needed to represent observed lithologic features and changes. The samples were studied in 
hand specimen and thin section (n=24) using standard petrographic procedures.
The dolomite composition of the Amanau quarry samples (n=25) were analyzed by step- 
scanning at 0.02° 20 increments over the range 24.0-34.0 20 with fixed counting times of 5.0 s on 
a Siemens D5000 system. Because some outcrop samples contain HMC, their mineral 
abundances were derived using the method of Ferrell and Aharon (1994).
Geochemical analyses of the dolomites (n=3) were conducted on powders treated with acetic 
acid to remove calcite and aragonite (Aharon et al. 1987). Carbon and oxygen isotope values of 
the dolomites were obtained by dissolution at 50°C in 100% H3P04 for 12 hours, purification of the 
C 02 by established techniques (McCrea 1950), and analysis on a Nuclide mass-spectrometer.
The dolomite 8,80  values have not been corrected for the difference in H3P04 fractionation factors 
between a calcite standard and a dolomite sample because most Niue dolomites are calcian and 
may have fractionation factors more similar to calcite than to dolomite (Aharon et al. 1977). 
Repeated analyses of standards indicate an overall error (1c) of ±0.1 S0/^ including extraction and 
mass spectrometry.
Dolomite is widespread in the platform margin carbonates at the Amanau quarry, but the 
proportions seldom exceed 10 mole% (Appendix B). In the measured section, it is concentrated 
into two horizons centered at 27 and 45 m elev. (Fig. 7.16). All of the platform margin dolomites 
examined have CM texture. Dolomitization is usually limited to selective, mimetic replacement of
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Figure 7.16 Diagenesis and stable isotopes of the dolomites in the Amanau quarry 
(outcrop A in Fig. 3.1). See Fig. 5.14 for the mineral composition and lighofacies legends. 
All of the dolomite textures shown here are crystalline mimetic (CM).
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fibrous aragonite and HMC cements, bladed HMC cements (Figs. 7.17,7.18), and coral aragonite 
crystals. Where dolomitization has been more thorough, Amphistegina and coralline red algae are 
mimetically replaced and other calcitic grains are non-mimetically replaced. Limpid, equant 
dolomite rhombs encrust undolomitized fibrous and bladed CaC03 cements (Figs. 5.6A, 5.8A) as 
well as dolomite that has mimetically replaced the same kinds of early marine cements (Fig. 5.12B). 
The dolomite rhombs are in turn overgrown by scalenohedral or equant LMC cement (Figs. 5.8A, 
5.12B). No alternations of calcite cements and dolomite spar such as found in some other Plio- 
Pleistocene platforms (Aissaoui et al. 1986; Humphrey and Radjef 1991) were observed.
The above relationships between the dolomite and the other diagenetic features indicate that 
dolomitization followed early marine cementation and preceded meteoric diagenesis at the 
platform margin (Fig. 5.3).
The 5'3C and 8180  values of the platform margin dolomites at the Amanau quarry are listed in 
Appendix L and are plotted by depth in Figure 7.16. The 8’80  values (2.9 ± 0.1 %o PDB, n=3) are 
similar to those of the lagoonal CM dolomites, whereas the 5’3C values (2.9 ± 0.2%o PDB, n=3) fall 
within the range observed in all CM-CMS-MS dolomites.
The similarity in the petrographic and stable isotope characters of the platform margin 
dolomites and the platform interior UDU dolomites, particularly those with CM texture, suggests 
that they share a similar origin.
7.4 Apparent Dolomitization Ages From Strontium Isotopes
7.4.1 Introduction
The earliest evidence on the age of dolomitization of the Niue platform was provided by 
Aharon et al. (1987), who measured the 87Sr/®6Sr ratios of 5 purified dolomite from the Upper 
Dolomite Unit (UDU) in the Fonuakula well and concluded that the UDU was dolomitized during 
the late Pliocene-early Pleistocene. All statements made by Aharon and Wheeler (1995), Wheeler 
and Aharon (1993,1997,1998), and Wheeler et al. (1995,1999) concerning the age of 
dolomitization of the Niue platform have been based on the Sr isotope data reported here. All but 
two of the analyses were performed by P. Aharon, who has generously allowed his data to be 
included here to substantiate this study’s interpretation of the genesis of the Niuean dolomites.
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Figure 7.17 Photomicrographs of selective mimetic dolomitization, platform margin. 
Amanau quarry, section 3,35.7 m elev. (Plain light, stained for CaC03) A) Dolomite (d) has 
selectively and mimetically replaced the fibrous and bladed CaC03 cements in much of 
this skeletal grainstone, while leaving the bioclasts unreplaced. The marine cements (c) 
remain intact in adjacent pores. (250 pm scale bar) B) Enlarge-ment of the box in A. 
Dolomite (d) has mimetically replaced fibrous aragonite cement, while adjacent cloudy and 
non-cloudy bladed HMC cement (b) and skeletal grains (g) remain unaltered. (100pm 
scale bar)
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Figure 7.18 Photomicrograph of early selective mimetic dolomitization platform margin. 
Dolomite (d) has mimetically replaced fibrous to bladed cement in coral interseptal pores 
and is in turn overgrown by equant? LMC cement (e). The coral (c) has experienced little 
or no leaching or replacement. Amanau quarry, section 3,29.9 m elev. (Plain light, stained 
for CaC03, 100pm scale bar).
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The remaining two analyses were conducted as part of this study. A subsequent paper by P. 
Aharon on his study of the Sr isotope-based ages of the Niuen dolomites is forthcoming.
7.4.2 Methods
Purified dolomites (n=36) from cores PB1, DH4, DH5, and DH7 were prepared and analyzed 
at Max-Planck Institute, Mainz, Germany, by P. Aharon. About 200 87Sr/®®Sr ratios per sample were 
acquired using a MAT 261 mass spectrometer. The mean measured 87Sr/e6Sr value of the NBS- 
987 standard over the duration of the analyses was .710263 ± .000007 (2a) for n=11 (Aharon et 
al. 1993).
Purified dolomites (n=2) from the platform margin were prepared and analyzed at the 
Department of Geology and Geophysics, Louisiana State University. Samples were dissolved in 
0.5N ultra-pure acetic acid and the Sr in the leachates was extracted by standard techniques of 
cation exchange chromatography. About 100 ^Sr/^Sr ratios per sample were acquired using a 
Finnigan 262 mass spectrometer. Replicate analyses of the NBS-987 standard during the 20 
months up to and including the analytical period gave a mean measured value of .710259 
±  .000014 (n=13). The 87Sr/66Sr results have been normalized relative to a NBS-987 value of 
.710230.
Minimum and maximum apparent ages were determined graphically from the intersection of 
the sample ^Sr/^Sr ratio with the two seawater ^Sr/^Sr curves shown in Figure 3.19, then the 
median age and difference were calculated (see section 3.5.1 for details on how the graph was 
constructed).Where ratios fell within either of the two plateaus in the seawater curve (at .709025 
and .708925), the minimum and maximum ages were estimated from the nearest intersections 
with the curves that are consistent with the age and stratigraphic order of adjacent samples.
These dolomite ages are maximum values because dolomites incorporate Sr from both the 
precursor CaC03 and the mediating fluids, depending on the rock/water ratio (Banner 1995). 
Incorporation of Sr from the precursor CaC03 would lower the dolomite 87Sr/®6Sr ratios, causing the 
calculated age to be older than the actual age.
7.4.3 Results
^Sr/^Sr ratios of LDU dolomites in cores DH4 and DH7 range from .708965 to .709114 
(n=25), corresponding to apparent ages of 5.7-1.0 Ma, or late Messinian to late Calabrian
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(Appendix K). The LDU dolomites resolve into two discrete populations on the basis of the 
87Sr/“ Sr ratios (Fig. 7.19) and the apparent ages (Fig. 7.20). Most of the dolomites have ^Sr/^Sr 
ratios that range from .708965 to .709027. However, at the top of the LDU in core DH4 are two 
dolomites (-165 and -164 m elev.) whose ^Sr/^Sr ratios are .709107 and .709114, respectively, 
although in core DH7, the dolomite at -137 m elev. at the top of the LDU has a a7Sr/®6Sr ratio of only 
.709027. In terms of timing, most of the LDU dolomites have apparent ages of 5.7-3.8 Ma (late 
Messinian-late Zanclean) and the two anomalous dolomites have apparent ages of 1.3-1.0 Ma 
(Calabrian; Fig. 7.20). The apparent ages suggest that the main population of dolomites can be 
further resolved into two groups, of which the dominant group has an average apparent age of 
5.3±0.2 Ma (n=20) and a smaller group, limited to the upper part of the LDU in cores DH4 and 
DH7, that has an average apparent age of 3.9±0.1 Ma (n=3). The separation between these two 
groups is present, but is less apparent, in the ^Sr/^Sr ratios (Fig.7.19).
87Sr/“ Sr ratios of UDU dolomites in cores PB1, DH4, and DH5 and at the Amanau quarry range 
from .709001 to .709083, corresponding to apparent ages of 3.4-1.5 Ma, or early Piacenzian to 
early Calabrian (Appendix K). In the Fonuakula well, the UDU dolomites have 87Sr/86Sr ratios that 
range from .70904 to .70908 (Aharon et al. 1987 data, normalized to an NBS-987 value of 
710230), corresponding to apparent ages of 2.4-1.6 Ma, or late Piacenzian to early Calabrian.
7.4.4 Apparent Ages of the Dolomites
Dating of the LDU dolomites by Sr isotopes indicates that dolomitization of the interval 
occurred substantially later than deposition. The depositional age of the LDU ranges from 8.6 to 
6.9 Ma, or Tortonian-early Messinian, based on magnetostratigraphy and Sr isotope 
chronostratigraphy of the limestones (see sections 3.5-3.7). The apparent age of most of the LDU 
dolomites is 5.3 Ma, with two smaller groups whose apparent ages are 3.9 Ma and 1.2 Ma. These 
results suggest that dolomitization of the Tortonian-early Messinian section occurred during three 
episodes. It is possible that the apparent ages of the dolomites are older than the actual 
dolomitization events due to incorporation of Sr from the precursor limestones. However, it seems 
unlikely that contamination by precursor Sr could cause a single dolomitization event to be 
manifested as these three separate dolomitization age clusters. This is because each of the three 
age clusters show little age variability, whereas variable inclusion of precursor Sr should produce
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Figure 7.19 87Sr/®6Sr ratios of the dolomites and CaC03 fraction in cores DH4 and PB1. 
Error bars for the CaC03 fraction samples are shown in Fig. 3.20. The ratios of the 
dolomites in the Lower Dolomite Unit are distinctly greater than are the ratios of the 
coexisting limestones, indicating that the dolomites formed significantly later than 
deposition of the precursor limestones. In the Upper Dolomite Unit, the ratios of the 
dolomites and the limestones are very similar, indicating near-contemporaneity with 
deposition and/or incorporation of some Sr from the precursor limestones. The two 
dolomites at -164 and -165 m elev. in the Lower Dolomite Unit have higher ratios than any 
of the other dolomites and imply a late dolomitization event.
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Figure 7.20 Apparent ages of dolomites and limestones in cores DH4 and PB1 from 
^Sr/^Sr ratios. Stage boundaries in the core were extrapolated from the intersection of 
the accepted boundary ages (see text) with the core age curve.
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considerable noise in the apparent dolomite ages. It seems likely therefore that the LDU was 
dolomitized during three separate episodes.
The depth of burial of the LDU at the time of a dolomitization event can be estimated from the 
elevation of the stratigraphically highest dolomite formed during that event and the elevation of 
sediments that were deposited at roughly the same time. The highest of the 5.3 Ma cluster (event 
I) dolomites lies at -164 m elev. in core DH4, whereas limestones with a similar depositional age lie 
at -58 m elev. in core DH4, yielding an estimated burial depth during event I dolomitization of 106 
m. The highest of the 3.9 Ma cluster (event II) dolomites lies at -137 m elev. in core DH7. The 
interval with a similar depositional age was not cored in the DH7 well, but in core DH4 the 
limestones with a similar depositional age lie at -18 m elev., indicating an estimated burial depth 
during event II dolomitization of 119 m. The highest of the 1.2 Ma cluster (event III) dolomites lies 
at -164 m elev. in core DH4, where limestones with a similar depositional age lie at or near the 
surface at 34 m elev., giving an estimated burial depths during event III dolomitization of 198 m. 
These burial depths suggest that dolomitization of the LDU was accomplished by fluid-flow 
systems that either: 1) were unrelated to near-surface hydrology, or 2) did involve near-surface 
hydrologic systems, but were limited to times when sea-level lowstands brought the surficial flow 
systems deep down into the platform.
Dating of the UDU dolomites by Sr isotopes during this study and by Aharon et al. (1987) 
indicates that dolomitization of the interval occurred relatively soon after deposition. The 
limestone precursors to the UDU were deposited between 4.4 and 1.4 Ma (late Zanclean-middle 
Calabrian), based on biostratigraphy, strontium isotopic chronostratigraphy, and 
magnetostratigraphy (see sections 3.3-3.7), whereas the apparent ages of the dolomites range 
from 3.4 to 1.5 Ma (Piacenzian-middle Calabrian). The lag time between deposition and 
dolomitization can be estimated from the difference in depositional and dolomitization ages in the 
B Dolomite in core DH4. The interval extends from the top of chron 3n.1n to near the base of 
chron 2r.1 r, or 4.18-2.14 Ma, giving a mean depositional age of 3.2 Ma. The mean age of the 
dolomites in the B Dolomite is 2.6±0.6 Ma (n=8). These ages suggest that dolomitization could 
have occurred within 600 kyrs of deposition.
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It seems likely that dolomitization of the UDU occurred during a series of events that each 
dolomitized only a thin interval. In both the DH4 and the Fonuakula wells, the dolomite Sr ages do 
not decrease regularly upsection, but are stratigraphically scrambled (Fig. 7.20). Although this 
could reflect variable retention of Sr from the precursor limestone, the presence of dolomitized 
intervals that are only 1 m-thick within the Limestone Interbed in the DH4, PB1, PB2, and 
Fonuakula wells (Figs. 3.2, 3.6, 3.7) indicates that dolomitization could be limited to thin intervals. 
It also implies that the locus of dolomitization oscillated vertically through the upper Zanclean- 
Calabrian section in response perhaps to eustatic fluctuations, resulting in thoroughl 
dolomitization of the UDU. The present density of Sr isotope ages of the UDU dolomites, 
however, does not permit resolution of the 3.4-1.5 Ma dolomitization episode into its discrete 
events. The maximum depth of burial of the UDU during its dolomitization is estimated to have 
been 100 m, based on the difference in depth between the base of the UDU (-30 m elev. in core 
DH5) and the present crest of the Mutalau reef (70 m elev.; Schofield 1959) whose depositional 
age is probably as young or younger than the 1.5 Ma age determined in the Amanau quarry.
Dolomitization of the Mutalau Platform therefore has been accomplished during four separate 
episodes. Episode I (at 5.3 Ma) was focused on the Tortonian-lower Messinian section (LDU). 
Episode II (at 3.9 Ma) was limited to the upper Tortonian-lower Messinian section (upper LDU). 
Soon thereafter at 3.4 Ma, dolomitization of the upper Zanclean-Calabrian section (episode III) 
began, encompassing the UDU, and continued intermittently until the middle Calabrian (1.5 Ma). 
A final dolomitization episode, episode IV (1.2 Ma), returned to the lower Messinian section 
(uppermost LDU).
These episodes compare well with discrete dolomitization episodes on other late Cenozoic 
carbonate platforms. Vahrenkamp et al. (1991) recognized four episodes, which they called 
dolomitization phases, during the early Late Miocene (phase I), Late Pliocene (phase II), early 
Pleistocene (phase III), and Late Pleistocene (phase IV). The Niuean dolomitization episode I (late 
Messinian-eariy Zanclean) was not observed by Vahrenkamp et al. (1991), whereas episodes II 
and III (late Zanclean-middle Calabrian) coincide with phase II, and episode IV (late Calabrian) 
coincides with phase III. No Late Pleistocene episode of dolomitization has been observed at 
Niue. The contemporaneity of dolomitization events on carbonate platforms scattered around the
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globe is strong evidence that these dolomites are produced by processes that are sensitive to 
eustatic fluctuations, particularly because the end-Messinian and late Zanclean-Calabrian were 
times of glacio-eustatic fluctuations.
7.5 The Hydrologic System During Plio-Pleistocene Dolomitization
7.5.1 Introduction
A growing body of studies are revealing that for all their simple environmental and structural 
settings, Cenozoic mid-oceanic carbonate platforms genuinely do produce dolomites in a variety 
of ways and times from normal or modified seawater (see summary by Budd 1997). Roughly 
penecontemporaneous dolomitization can be mediated by tidal pumping of seawater (Carballo et 
al. 1987; Mitchell et al. 1987). Shallow post-depositional dolomitization can result from seepage 
reflux (e.g., Ohde and Elderfield 1992; Whitaker and Smart 1993), meteoric-marine mixing (e.g., 
Land and Epstein 1970; ATssaoui et al. 1986; Humphreys 1988; Fouke 1994; Gonzales et al. 
1997), mixing zone-entrained seawater (Vahrenkamp and Swart 1994; Wheeler and Aharon 
1995), or thermal convection of seawater near young volcanoes (Hein et al. 1992). Thermal 
convection can also lead to more deep-seated dolomitization when associated with long-extinct 
volcanoes (Sailer 1984b; ATssaoui et al. 1986; Sailer and Koepnick 1990). One dolomitization 
model need not fit all, so the interpretation of a given body of dolomite is more subtle.
The study of dolomite genesis in carbonate platforms entails two key questions: what was the 
Mg source and what hydrologic system pumped the Mg-bearing fluid through the section (Land 
1985). In the isolated carbonate platforms of the Pacific, Caribbean, and Bahamas, the only 
source capable of providing Mg on the scale required for massive dolomitization is seawater. As 
the above studies illustrate, the seawater may have been modified in a variety of ways to be more 
prone to dolomitize. The hydrologic system is often affected by eustatic fluctuations, but it is also 
determined by local conditions such as climate, platform morphology, subsidence rates, volcanic 
history, and plate tectonics.
From early in the study of dolomites in Pacific carbonate platforms, the dolomites on Niue 
Island have been used as examples of a succession of dolomitization models: evaporative 
lagoonal (Schlanger 1965), hypersaline seepage reflux (Schofield and Nelson 1978), meteoric- 
marine mixing (Rodgers et al. 1982), and thermal convection of seawater (Aharon et al. 1987). The
307
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
models have changed both as the understanding of dolomites worldwide improved and as more 
analytical tools were applied.
This project has revealed that Niue has two dolomite bodies, the more familiar upper one in 
the Plio-Pleistocene section and a lower one in the Tortonian section (Wheeler and Aharon 1993, 
1997). In section 7.2, the fabric and geochemistry of the Upper and Lower Dolomite units were 
characterized and the nature of the dolomitizing fluids was inferred. This section builds on that 
work to deduce the hydrologic system responsible for dolomitization of the Plio-Pleistocene 
section.
7.5.2 Evidence Regarding the Dolomitizing Hydrologic Systems 
Introduction
Niue’s setting as a carbonate platform on a mid-oceanic plate basaltic seamount implies that 
seawater was the chief source of Mg during dolomitization of the Plio-Pleistocene limestones.
The platform is too small to develop porewaters that are removed from the influence of seawater 
and the lithologies present are limited to basalts and carbonates, neither of which is a major source 
of Mg. Whatever circulation system mediated the dolomitization must have been one that pumped 
seawater through the platform. The dolomitization could have been either 
penecontemporaneous with deposition of the host sediments or post-depositional. Hydrologic 
systems that could lead to penecontemporaneous dolomitization by seawater-based fluids 
include: sabkha, tidal pumping, seepage infiltration, and flow due to differential sea-surface 
elevations. Potential systems that could produce post-depositional dolomitization are: seepage 
reflux, mixed meteoric-marine flow, mixing zone-entrained seawater flow, Kohout convection, and 
thermal convection.
Three of the systems can be immediately excluded as inapplicable to Niue. 1) Sabkha 
dolomitization is eliminated as a possibility by the high rainfall rates (2075 mm/yr during 1906- 
1997; New Zealand National Institute of Water and Atmospheric Research) and the absence of 
tidal flat facies and evaporative minerals/molds in the carbonate section. 2) Differential sea-surface 
elevations are unlikely to occur on opposite sides of a platform as small and isolated as Niue and 
so would not induce seawater flow through the platform. 3) Seepage infiltration is unlikely to have
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occurred at Niue during the Plio-Pleistocene because the deep passageway through the Mutalau 
platform margin at Alofi (Fig. 3.1) would have maintained free ocean-lagoon circulation.
The characteristics of the remaining systems with regard to the dolomites they may produce 
are listed in Tables 7.7 and 7.8 and their patterns of fluid flow and dolomitization are depicted in 
Figure 7.21. Tidal pumping (Fig. 7.21 A) results when friction across a tidal surface slows the flow 
of surficial seawater relative to that in an underlying highly permeable carbonate rock (Budd 1997). 
Upward flow of seawater through the rock is induced during rising tide and downward flow is 
induced during falling tide.
Seepage reflux occurs due to the evaporative concentration of seawater, producing a denser 
fluid that sinks downward into the sediments until either it is diluted by normal marine waters 
flowing laterally through high-permeability layers (Budd 1997), or it reaches a depth where the 
pore fluids are of similar density and subsequently flows laterally toward the platform margin 
(Simms 1984) (Fig. 7.21 B). Large-scale reflux can be triggered by small increases in salinity (38-42 
ppt; Simms 1984; Whitaker and Smart 1990; Kaufmann 1994), although the flow rates caused by 
such small density differences may be too slow to mediate extensive dolomitization (Kaufmann 
1994). Schlanger (1965) and Schofield and Nelson (1978) attributed the UDU dolomites to 
seepage reflux of evaporated seawater produced in a restricted lagoon.
The hydrologic mechanisms for mixing zone and mixing zone-entrained seawater 
dolomitization are established when subaerial exposure of the carbonate platform leads to the 
development of a floating meteoric lens (Figs. 7.21 C, 7.21 D). Dispersion at the contact between 
the meteoric lens and the underlying marine porewaters creates a layer of mixed meteoric-marine 
porewater. The mixed water is less dense than the marine porewaters, so it flows outward and 
upward to discharge at the margins of the platform. The flow is maintained by meteoric recharge to 
the meteoric lens and by seawater recharge to the marine phreatic zone. Mixing zone 
dolomitization is believed to be mediated by the mixed meteoric-marine porewaters in the mixed 
layer, whereas mixing zone-entrained seawater dolomitization is mediated by the recharging 
seawater. Both are limited to thin zones at any one time by the locations of the mixed water and 
the fastest seawater flow rates, respectively. Massive bodies of dolomite could develop through 
oscillations in the placement of the mixing zone in response to changes in relative sea level
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Table 7.7 Characteristic features of the hydrologic systems that could have produced the UDU
dolomites at Niue and characteristics of the dolomites they produce (Part I).
Feature Tidal Pumping Seepage Reflux Mixing Zone
Location of dolomite in 
platform 1
tidal flats, reef flats beneath lagoon beneath island 
periphery
Associated facies 1 tidal, reefal lagoonal subtidal
Shape of dolomite body localized tabular tabular tabular/concave
upward
Thickness of dolomite 
body'
surficial crust thin unless stacked thin unless 
stacked







Depth of burial during 
dolomitization
surficial surficial 10s m below 
surface







Dolomite age w/re to 
overlying sediments 1
older older younger





Fluid flow direction’ vertical downward and 
outward
lateral and outward
Fluid flow velocities moderate? 0.01-0.1 m/yr2 5-20 m/yr2




Dolomite crystal size1 microcrystalline variable variable
Dolomite crystal 
chemistry1
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Table 7.8 Characteristic features of the hydrologic systems that could have produced the UDU
dolomites at Niue and characteristics of the dolomites they produce (Part II).
Feature Entrained Seawater Kohout Convection Thermal Convection
Location of dolomite in 
platform1




Associated facies 1 subtidal marginal marginal
Shape of dolomite body tabular/concave
upward
massive massive
Thickness of dolomite 
body 1
thin unless stacked thick thick
Typical degree of 
dolomitization'




Depth of burial during 
dolomitization
10s m below 
surface
10s-1000s m below 
surface
10s-1000s m below 
surface
Dolomite age w/re to 
host sediments 1
post-depositional post-depositional post-depositional
Dolomite age w/re to 
overlying sediments ’
younger much younger much younger
Mediating fluid' seawater seawater seawater
Fluid flow direction 1 lateral lateral and upward lateral and upward
Fluid flow velocities 0.5-3 m/yr2 0.3-1 m/yr2 similar to Kohout?
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A. Tidal Pumping
SLswsw
C. Meteoric-Marine Mixing 
rainwater
- -  -volcanic pedestal-,7V.
E. Kohout Convection









A  A  A  A  A .  A  A  ^  ^  ^  ^  ^
F. Thermal Convection
volcanic pedestal
Figure 7.21 Fluid circulation systems that could have mediated dolomitization of the 
Mutalau Platform. Shaded areas represent dolomitization sites. sw=seawater, 
bw=brackish water.
312
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Humphrey and Quinn 1989; Whitaker et al. 1997). Rodgers et al. (1982) proposed that 
dolomitization of the UDU was mediated by mixed meteoric-marine waters in the mixing zone.
Kohout convection is induced within a steep-faced platform margin adjacent to deep water by 
the temperature difference between the normal geothermal gradient in the platform and the 
thermal gradient in the ocean water column (Simms 1984; Whitaker and Smart 1993; Kaufmann 
1994) (Fig. 7.21 E). Marine porewaters within the platform are heated and rise to discharge into the 
lagoon or laterally out the platform margins. The water is replaced by seawater recharging at the 
lower part of the platform margin. Dolomitization is mediated by undiluted seawater.
Thermal convection can occur within carbonate platforms that cap a seamount, such as many 
tropical Pacific platforms (Fig. 7.21 F). In this process, hydrothermal venting, reheating events, or 
simply residual heat from the volcano amplify the normal geothermal gradient within the platform 
(ATssaoui et al. 1986; Aharon et al. 1987; Rougerie and Wauthy 1993). The flow pattern is the 
same as in Kohout convection and dolomitization is likewise mediated by undiluted seawater. 
Aharon et al. (1987) concluded that the UDU dolomites were produced from seawater circulated 
by thermal convection driven by residual heat from the volcano.
The characteristics listed in Tables 7.7 and 7.8 suggest that the system most likely to have 
produced the UDU dolomites can be deduced from: 1) the timing of dolomitization, 2) the depth 
of burial during dolomitization, 3) the associated depositional facies, 4) the fluid-flow direction, and 
5) the dolomitizing fluid composition.
Evidence from Dolomitization Timing
The limestones that host the UDU were deposited between 4.4 Ma (late Zanclean) and 1.4 Ma 
(early Calabrian), based on paleomagnetism, strontium isotopic ratios of associated limestones, 
and biostratigraphy. The ages of the UDU dolomites, based on strontium isotopic ratios, range 
from 3.4 Ma (early Piacenzian) to 1.6 Ma (early Calabrian). In core DH4, the mean age of the B 
Dolomite is 2.6±0.6 Ma (n=8). The same interval extends from the top of chron 3n.1 n to near the 
base of chron 2r.1 r, or 4.18-2.14 Ma, giving a mean depositional age of 3.2 Ma. These ages 
indicate that the dolomitization was post-depositional, particularly because the Sr isotopic ratios 
give maximum ages. Dolomitization could have occurred within 600 kyrs of deposition.
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This conclusion is supported by petrographic observations of the relative timing between 
early marine diagenesis, meteroric diagenesis, and dolomitization. Marine diagenesis had always 
ended and locally some meteoric diagenesis had occurred before the onset of dolomitization (Fig. 
5.3). In MS dolomite intervals, an episode of meteoric diagenesis may have occurred before a 
second dolomitization episode precipitated the limpid dolomite rims. Most of the meteoric 
cements were precipitated post-dolomitization, when some dolomite dissolution also occurred. 
Evidence from Depth of Burial
The maximum depth to which the UDU has ever been buried can be estimated using the age 
of its stratigraphically oldest part and mean sediment accumulation rates. Paleomagnetic data 
indicate that the oldest part of the UDU is its base in core DH5, which may lie within chron 3n.1 r, 
corresponding to an age of 4.4 Ma (late Zanclean). Accommodation rates calculated from the 
paleomagnetic data for the Plio-Pleistocene interval have been estimated at 19.0 m/Ma by Lu et 
al. (1996). At these rates and given the 4.4 Ma depositional age at the base of the UDU, the 
maximum burial depth experienced by the base of the UDU was about 85 m. This is supported by 
the intermittent occurrence of meteoric diagenesis in the UDU, which suggests that the section 
has remained at comparatively shallow burial depths throughout its existence.
Evidence from Associated Depositional Facies
Most of the depositional facies observed in the UDU are subtidal, ranging from forereef on the 
platform margin to shallow subtidal and shoreface in the former lagoon. Some grainstones 
occurring at the top of well-sorted grainstone beds were cemented by early marine, fibrous or 
bladed CaC03 cements and may indicate beachrock development on the margins of sand cays. 
Tidal deposits are not evident, however.
Dolomitization is not limited to any part of the Mutalau platform, but extends from the center of 
the lagoon to the forereef facies at the platform margin (Figs. 3.14-3.17). Dolomitization in the 
lagoonal facies is thorough except for a few limestone beds, but is typically incomplete in the 
marginal facies. This distribution helped Schofield and Nelson (1978) to attribute the UDU 
dolomites to seepage reflux, in which the degree of dolomitization decreases downward and 
outward from an evaporative lagoon. Their inference was based in part on coastal outcrops and a 
coastal well (water well 22 in Fig. 3.1) that lie in the Alofi Terrace, a 250 kyr-old reef complex that
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fringes the Mutalau platform. The Alofi Terrace, however, is much younger than either the 
sediments (Piacenzian) or the dolomites (Piacenzian-Calabrian) that lie at the same elevation in 
the Mutalau platform. The absence of dolomite in the Alofi Terrace is unrelated to UDU 
dolomitization.
The incomplete dolomitization of the Mutalau margin was due to the early occlusion of most 
porosity by encrusting coralline red algae, internal sediment, and marine cements. Fluid flow was 
so slow as to limit dolomitization to only a few percent of the rock. The grainstone/packstone 
sediments that accumulated beween coral heads and mantled the reef flat were less thoroughly 
cemented and do show degrees of dolomitization up to and including 100%.
The data therefore indicate that dolomitization was not specific to any part of the Mutalau 
platform, but occurred from the margin to the lagoon regardless of the depositional facies. The 
lack of specificity to tidal or near-tidal sediments argues against dolomitization by a tidal pumping 
circulation system.
Evidence from Fluid-flow Patterns
The shape of a dolomite body and the direction in which the degree of dolomitization 
decreases should reflect: 1) the pathway that the Mg-supplying fluid followed through the host 
sediments, and 2) the cross-sectional area of that flow.
The A and B Dolomites are both tabular, concave-upward bodies that extend across most or 
all of the Mutalau platform (Figs. 3.14-3.17). Their lower and upper boundaries are marked by rapid 
transitions over < 0.5 m from 100% dolomite to dolomite-free, typically porous and permeable 
limestones. Within the dolomite bodies, dolomitization went to completion wherever it began, 
except at the platform margins as discussed above. This morphology eliminates the possibility that 
the dolomitization was mediated by a fluid flowing vertically from below over a large cross-section, 
as would be the case with either thermal or Kohout convection (Figs 7.21 E, 7.21 F). Furthermore, 
dolomitization by Kohout convection should be most extensive at the platform margin and 
diminish toward the platform interior (Simms 1984), a pattern not observed in the UDU dolomites.
The morphology is also incompatible with flow downward and outward, as would be the case 
with seepage reflux. The degree of dolomitization should gradually decrease toward the base of a 
dolomite body, even where the downward-fluxing fluid encounters a permeable, seawater-
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bearing layer that dilutes the brine (Fig. 7.21 B). Instead, the basal dolomite/limestone contacts are 
sharp.
The dolomite body morphologies are compatible with lateral fluid flow as occurs with the 
mixing zone and mixing zone-entrained circulation systems (Figs. 7.21 C, 7.21 D). Also suggestive 
of a mixing zone-related system is the concave-upward shape of the upper contacts of the A and 
B Dolomite bodies. The mixing zone beneath a coastal meteoric lens slopes upward toward the 
margin of emergent platform, so a dolomite body formed by the mixed fluids could be expected to 
have a concave-upward surface. Modeling of the entrained seawater flow in the underlying marine 
phreatic zone indicates that the maximum seawater flow rates occur within the mixing zone just 
above the 90% seawater line (Fuller 1993). The maximum rates of dolomitization could be 
expected where the Mg supply rates are the greatest and so the upper surface of a dolomite body 
formed through the entrained seaward circulation system might also be concave upward. The 
Plio-Pleistocene dolomite body in Little Bahama Bank has a concave-upward surface on its 
northern side which has been attributed to this process (Vahrenkamp et al. 1991; Vahrenkamp 
and Swart 1994).
Evidence for Dolomitizing Fluid Composition
Three lines of evidence indicate that dolomitization was accomplished by fluids derived from 
seawater at normal to slightly evaporated salinities: 1) the lithofacies, 2) dolomite 510O values, and 
3) dolomite Sr and Na concentrations. This subject was discussed in detail above in section 7.2 
and is only summarized here.
The Plio-Pleistocene depositional facies indicate that salinities of lagoonal waters remained at 
normal marine or slighted evaporated levels. At all locations examined, the sediments lack 
evidence of evaporites, indicating that evaporation of lagoonal waters to hypersalinity never 
occurred. However, seepage reflux can occur at salinities as low as 42 ppt (Simms 1984). On the 
part of the Great Bahama Bank where such salinites prevail, the sediments consist of 
grapestones, peloids, and a fauna dominated by miliolid and peneroplid forams and gastropods 
(Purdy 1963). In contrast, the Mutalau lagoonal facies are dominated by rotalid and miliolid forams, 
coralline red algae, and mollusks, and include stick corals and echinoids. Patch reefs of Porites 
and favitid corals are common in the outer third of the platform interior. Aggregate grains and
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peloids are common but subsidary grains in the Piacenzian lagoonal facies, and are the majority 
component in only a single 1 m thick bed in core PB1. These observations indicate that salinities 
within the lagoon remained at normal marine or slighted evaporated levels.
The dolomite 81sO values indicate that the dolomitizing fluids were seawater with little or no 
addition of meteoric water, and had not been concentrated by evaporation. Figure 7.14 shows 
the dolomite 5'80  values expected from mixtures of meteoric and marine waters, based on 
analyses of modem meteoric groundwaters (-4.6 ± 0.5%o SMOW, n=19) and seawater (0.7 ± 0.3%» 
SMOW, n=2) at Niue. The "interglacial seawater" 5180  value is set at the modem 8,80 SMwater at Niue. 
The “glacial seawater" 5180  value was extrapolated from modem 510Oseawalar at Niue using the 
equation of Fairbanks (1989) and the assumption of a minimum sealevel 120 m lower than at 
present. The dolomite-calcite fractionation factor used is 3.8%o as proposed by Land (1991). The 
dolomite 8180  values in the histogram to the left are all from the UDU. The graph shows that most 
of the observed dolomite 8180  values are consistent with precipitation from undiluted seawater 
during glacial episodes. The few exceptions are consistent with dolomitization from either 
undiluted seawater during interglacial times, or an admixture of seawater and < 20% meteoric 
water during glacial times.
The dolomite Sr and Na concentrations suggest that salinities were not far from normal marine. 
Sr concentrations in the Niuean dolomites (mean 199±ppm, range 93-286 ppm) (Fig. 7.9A) are 
similar to those in Bahamian dolomites (63-295 ppm) inferred to be of marine origin on the basis of 
a distribution coefficient, Ds,d0„ of 0.012 (Vahrenkamp and Swart 1990,1994; Vahrenkamp et al. 
1991). Na concentrations in the Niuean dolomites (mean 324 ± ppm, 144-462 ppm) (Fig. 7.9B) 
are similar to those in dolomites (243-521 ppm) with an inferred seawater or mixing zone origin 
(Staudt et al. 1993). These data indicate that either normal seawater or mixed meteoric-marine 
water was the dolomitizing fluid, and argue against mediation by evaporited seawater.
In summary, the lithofacies, stable isotopic, and trace element data point toward dolomitization 
by seawater at essetially normal salinities and away from either evaporated or meteoric-diluted 
seawater.
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7.5.3 Evaluation of the Potential Hydrologic Syatems 
Tidal Pumping
A tidal pumping circulation system for most of the UDU dolomites can be rejected on the basis 
of the distribution and age of the dolomites. Tidal pumping dolomites are probably limited to reef 
(Mitchell et al. 1987; McCullough and Land 1992) or tidal (Carballo et al. 1987) facies (Fig. 7.21 A), 
whereas the UDU dolomite bodies extend across the entire platform without regard to 
depositional facies (Figs. 3.14-3.17). Tidal pumping dolomites may be penecontemporaneous 
with the host sediments (Carballo et al. 1987), or they may develop just below an erosional 
unconformity in older sediments. The B Dolomite in core DH4 is 600 kyrs younger than the 
sediments and does not appear to be associated with an unconformity.
Seepage Reflux
Dolomitization of the UDU by seepage reflux can be eliminated on the basis of the 
reconstructed salinities of lagoonal and diagenetic waters, and the morphology of the dolomite 
bodies. The lithofacies suggest that the lagoonal waters remained at the normal marine to slightly 
evaporated salinities. It is questionable whether the seepage velocity of slightly evaporated 
seawater would provide sufficient Mg flux to mediate extensive dolomitization (Kaufmann 1994). 
Furthermore, UDU dolomite geochemistry indicate the porewaters from which the dolomites 
precipitated were seawater with normal marine salinities. The tabular shape and abrupt lower 
boundaries of the UDU dolomite bodies are not consistent with downward, centrifugal flow of a 
progressively diluted fluid (Lucia and Major 1994) (Fig. 7.21 B). Finally, limited data suggest that 
the dolomites may be younger than the immediately overlying limestones. In the DH4 and 
Fonuakula wells, dolomite Sr isotope ages (2.3-1.8 Ma) in the uppermost 10 m of the B Dolomite 
bracket the depositional age of the overlying limestones (2.1 Ma) derived from paleomagnetic 
data. Dolomites produced by seepage reflux would be older than the overlying undolomitized 
sediments (Budd 1997).
Thermal Convection
A number of lines of evidence suggest that thermal convection has operated in the Mutalau 
platform. The presence of thermally mature kerogen below -220 m elevation in the Tortonian 
section of core DH4 (Whitehead et al. 1990; Gregory pers. comm. 1991; Barrie 1992) indicates
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that re-heating has occurred sometime since the Tortonian. The timing of the re-heating event 
may be reflected in the change in platform accommodation rates from 62.1 m/myr in the Tortonian, 
to 35.1 m/myr in the lower Messinian, to 114.5 m/myr in the upper Messinian (Lu et al. 1996). If the 
crust beneath Niue was re-heated during the early Messinian, the subsidence rate would have 
temporarily slowed and then resumed at a faster rate (Detrick and Crough 1978) during the late 
Messinian.
The re-heating event may have induced some deep-seated hydrothermal activity. Carbonates 
in the deep part of core DH6a, which lies on the NE flank of the volcanic core (Fig. 3.1), have 
elevated trace element concentrations (Barrie 1992) analogous to dolomites on Aitutaki attributed 
to thermal convection of seawater (Hein et al. 1992). Thermal convection of seawater from near 
the volcano has been cited as the possible cause of: 1) high Hg concentrations in Niue’s soils 
(Whitehead et al. 1990), 2) high radioactivity in the soils (Schofield 1967; Barrie 1979,1992; 
Whitehead et al. 1993), and 3) upward-decreasing Fe, Mn, Cu, and Zn concentrations in the 
Fonuakula well dolomites (Aharon et al. 1987). As the soils overlie Plio-Pleistocene bedrock and 
the Fonuakula dolomites are Plio-Pleistocene in age, these factors suggest that the UDU section 
experienced thermal convection of seawater as recently as the Pleistocene.
The UDU dolomites did not precipitate from thermally convected seawater, however, as 
indicated by the tabular shape of the UDU dolomite bodies and the 130 m-thick section of 
undolomitized limestone beneath the B Dolomite (Figs. 3.15, 3.17). A dolomite body mediated by 
thermal convection should extend down to the volcano and out to the platform margin (Fig.
7.21 F). It could be argued that if the upward limb of the thermal convection cell was limited to the 
platform center, the dolomite body would be hourglass-shaped. In this model, the influxing 
seawater precipitated the Lower Dolomite Unit (LDU) dolomites, the upward flow produced a 
narrow column of dolomite in the platform center where no lithologic information is presently 
available, and the outfluxing seawater diverted toward the platform margins by a capping meteoric 
lens (as at Mururoa: ATssaoui and Purser 1985; ATssaoui et al. 1986) formed the UDU dolomites. 
However, the maximum heating and upward convection should occur over the volcanic core, 
which lies beneath Niue Island’s SW quadrant (Hill 1983). In the DH6 well, which lies above the 
core’s NE flank, the B Dolomite is underlain by at least 85 m of undolomitized limestone (Fig.
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3.17). Only 2.4 km further southeast, at the DH5 well, the B Dolomite is underlain by at least 135 m 
of limestone in which dolomite is limited to small amounts (<7%) within a thin (16 m) interval. If 
thermal convection has occurred, the influxing seawater expended its potential to dolomitize 
within the Lower Dolomite and passed through the remainder of the platform without effect. 
Kohout Convection
Two conditions must be met for Kohout convection of seawater to occur: 1) the platform must 
be steep-margined, and 2) there must be a strong horizontal difference between temperatures in 
the ocean water column and the platform (Simms 1984). Niue rises 4000 m from the ocean floor 
over a horizontal distance of 20 km. Of this, at least the uppermost 700 m is the carbonate platform 
(Barrie 1992). Temperatures at a depth of 700 m in the neighboring ocean water column are 6°C, 
based on the nearby GEOSECS sites 266 and 277 (Broecker et al. 1982). Within the platform and 
assuming no seawater influx, the temperature at 700 m depth would be about 50°C, estimated 
from the +0.035°C/m geothermal gradient on the U.S. Pacific coast (Van Orstrand 1939) and the 
present temperature in the Niue platform at sealevel (25°C; groundwater temperatures in 
Appendix J). The conditions at Niue are therefore favorable for Kohout convection.
Dolomitization by Kohout convection should be most intense at the platform margin and 
should diminish toward the interior (Fig. 7.21 E). All of the near-coastal wells in the Mutalau 
platform show intensive dolomitization from 35 m to at least -2 m elevation (B Dolomite), the 
deepest level reached. The thickness of the B Dolomite at the platform margin is therefore 
unknown, but in the interior the B Dolomite extends no deeper than -29 m elevation. The fact that 
the A Dolomite does not merge with the B Dolomite near the platform margin, however, suggests 
that dolomitization was not more extensive at the margin and that the geometry of both bodies is 
tabular. The tabular geometries and abrupt lower boundaries of the A and B Dolomites imply lateral 
porewater flow, not the upward flow of Kohout convection. Furthermore, the temperature 
difference between the water column (24°C) and the platform (31 °C, from the geothermal gradient 
above) at a subsea depth -110 m (calculated from a maximum UDU burial depth of -85 m elevation, 
a lagoonal water depth of 30 m, and a 28°C temperature within the lagoon) suggests that Kohout 
convection would not occur if limited to the confines of the UDU. The data therefore indicate that 
the UDU dolomites were not mediated by Kohout convection.
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Meteoric-Marine Mixing Zone
Dolomitization within a meteoric-marine mixing zone should produce a tabular or saucer­
shaped body of dolomite (Fig. 7.21 C) whose geochemistry is indicative of diluted seawater (Budd 
1997). The mixing zone can be thick in highly permeable carbonates; on Nauru Island, a raised 
coral atoll with 8% the area of Niue, the mixing zone is up to 60 m thick (Jacobson et al. 1997). The 
best examples (Budd 1997) of mixing zone dolomitization in late Cenozoic carbonate platforms 
(Ward and Hailey 1985; Gonzales et al. 1997) point to a >50% proportion of seawater in the 
dolomitizing fluids. At Nauru, the portion of the mixing zone with salinities over 50% of seawater is 
about 35 m thick (Jacobson et al. 1997).
The tabular, concave-upward shape of the A and B Dolomite bodies is consistent with 
porewater flow that is lateral outward and upward toward the platform margin. The comparative 
thinness of the A Dolomite and the stratigraphically scrambled Sr isotope ages in the thicker B 
Dolomite suggest that dolomitization occurred at any one time within a thin hydrologic zone. 
Furthermore, the comparatively rapid (500 kyrs) and thorough dolomitization manifested by the B 
Dolomite requires a high Mg flux rate which mixing zone flow velocities (5-20 m/yr) could support 
(Simms 1984). However, the stable isotopic and elemental geochemistry of the dolomites indicate 
that they precipitated from undiluted seawater and therefore could not have formed within the 
meteoric-marine mixing zone.
Mixing Zone-Entrained Seawater
Dolomites precipitated from mixing zone-entrained seawater should have a tabular to saucer­
shaped geometry within the platform similar to that expected for mixing zone dolomites (Fig.
7.21 D). The feature distinguishing them from mixing zone dolomites is a geochemistry that is 
indicative of precipitation from undiluted seawater.
All the available evidence support the hypothesis that the UDU dolomites were mediated by 
mixing zone-entrained seawater. The stable isotopic and Sr and Na geochemistry of the dolomites 
indicate that most precipitated from undiluted or slightly evaporated seawater at formation 
temperatures of 25-29°C during glacial maxima when 818Onr^,n. values were around 2.0%o SMOW 
(see section 7.2). The tabular, concave-upward shape of the A and B Dolomite bodies are 
consistent with lateral flow into and especially outward and upward through the platform. The UDU
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depositional and dolomite ages indicate that dolomitization was post-depositional and near- 
surface, occurring at a maximum burial depth of 85 m. The suggestion of meteoric dissolution 
between the replacive and cementation stages of dolomitization in MS textures (Wheeler et al. 
1999) further points to dolomitization by a near-surtace process.
Can mixing zone-entrainment of seawater provide the Mg flux necessary to produce the 
volume of dolomite observed in the UDU in the time indicated? The Sr isotope ages of the B 
Dolomite suggest that dolomitization occurred within 600 kyrs of deposition of the host section. 
The B Dolomite initially consisted of an estimated 8.29x109 m3 of limestone based on: 1) a platform 
area of 259 km2, 2) a thickness of 40 m (in core DH4), 3) an average porosity of about 20% 
(Jacobson and Hill 1980b), and 4) an initial aragonite:calcite molar proportion of 1:1. The initial 
molar amounts of aragonite and calcite were 1.22x1 O’4 and 1.12x1 O’4 moles.
Replacement of the precursor sediments was more or less mimetic (see section 7.2), so 
dolomitization was probably by the volume-preserving reaction:
(2-x)CaC03 + Mg*2 + xC03'2 = CaMg(C03)2 + (1 -x)Ca*2 (7.4)
where x is 0.11 for aragonite and 0.25 for calcite and the dolomite is stoichiometric (Morrow 1982). 
Recalculation of x with respect to mean UDU dolomite composition (42.7 mol% MgC03; n=93) 
gives values of 0.065 and 0.216 for aragonite and calcite, respectively.
The molarities of Mg*2, Ca*2, and COa'2 in seawater are 5.49x1 O'2, 1.06x1 O'2 and 3.03x10"* 
mol/L (calculated from Drever 1982 and Morse and Mackenzie 1990), respectively. Because 
dolomitization ceases when the fluid Mg*2/ Ca*2 molar ratio reaches 1, at most 80.7% of the Mg*2 in 
seawater is available for dolomitization, or 4.43x1 O'2 mol/L. If the available Mg*2 is only 10%, in 
allowance for kinetic factors during dolomitization (Simms 1984), the value is 5.49x1 O'3 mol/L. 
Assuming that only 10% the seawater C 03'2 is available for dolomitization and using the above 
dolomitization reaction with the modified values of x, the rate-limiting reactant during mimetic 
dolomitization by unmodified seawater is C03'2. Given the calculated initial molar amounts of 
aragonite and calcite and the above C 03'2 molarity in seawater, an estimated 5.83x1 O'4 m3 of 
seawater would be required to produce the B Dolomite.
In mixing zone-entrainment of seawater, meteoric water and seawater mix in the zone 
between the meteoric lens and the marine phreatic zone and the combined water is discharged
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centrifugally at the platform margin. The mixing zone is recharged by meteoric water from the lens 
and by seawater from the marine phreatic zone. In the case of a steady-state meteoric lens, the 
amount of meteoric recharge to the lens will be equaled by the amount of meteoric discharge into 
the mixing zone. The effective meteoric recharge at Niue is 624 mm/yr, based on the mean (1906- 
1978) annual rainfall of 2041 mm/yr, a calculated evapotranspiration rate of 1417 mm/yr, and the 
absence of surface runoff (Jacobson and Hill 1980b). Over a platform area of 259 km2, this 
translates into a meteoric water flux into the meteoric lens of 1.62x10® m3/yr.
Numerical modeling of groundwater flow in emergent carbonate platforms suggests that the 
seawater flux entrained by mixing zone flow is much greater than the meteoric flux. In a simulated 
large (60 km wide x 1000 m thick) homogeneous platform receiving 250 mm/yr meteoric recharge, 
the seawatenmeteoric water flux ratio is 12:1 (Fuller 1993; Stewart and Fuller 1995). In a smaller 
(1450 m wide x 135 m thick) platform in which the surface layer is underlain by strata that are 10 
and 100 times more permeable, the seawatenmeteoric water flux ratios are 3:1 and 16:1, 
respectively, when the meteoric recharge is 365 mm/yr (Schneider 1994). At present, 
permeabilities have been measured in only 15 samples from three cores in the UDU (Jacobson 
and Hill 1980a) and do not establish what the stratigraphic distribution of pre-dolomitization 
permeabilities might have been. However, the interbedding of grainstones and packstones within 
the platform interior and the high porosities observed in the MS dolomites (see section 7.2) 
suggest the likelihood of downsection variations in strata permeabilities. For this calculation, a 
seawatenmeteoric water flux ratio of 12:1 is used, yielding a seawater flux of 1.94x10® m3/yr.
The mass balance calculation above estimated that 5.83x10'4 m3 of seawater would be 
needed to produce the B Dolomite. Given a seawater flux of 1.94x10® m3/yr, the B Dolomite could 
have been formed in about 300 kyrs, well within the 600 kyrs allowed by the dolomite Sr isotope 
ages. The actual time required would be greater because dolomitization from seawater at surface 
temperatures and pressures entails a long induction period for kinetic reasons before measurable 
quantities of dolomite are produced (Sibley 1994).
7.5.4 Massive Dolomites from Thin Dolomitization Zones
A problem posed by the meteoric-marine mixing zone model of dolomitization is that it 
involves a thin hydrologic zone, yet the dolomites attributed to it can be quite thick. Examples of
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mixing zone thicknesses in emergent carbonate islands with areas and rainfall rates are: Niue 
Island (40 m, 259 km2, 2041 mm/yr; Jacobson and Hill 1980b); Nauru Island (60 m, 22 km2, 2085 
mm/yr; Jacobson et al. 1997), northern Guam (24 m, 225 km2, 2350 mm/yr; Mink and Vacher 
1997), Barbados (24 m, 425 km2, 1100-2000 mm/yr; Humphrey 1997). Dolomitization is limited to 
only a fraction of the mixing zone, probably that portion with salinities >50% seawater (Budd 
1997). Examples of thick dolomite bodies attributed to the mixing zone model are: Isla de Mona 
(>80 m; Gonzalez et al. 1997) and Makatea Island (>30 m: Montaggioni and Camoin 1997).
Because mixing zone-entrainment of seawater occurs in the marine phreatic zone, which 
extends to the base of the permeable section, it would seem that this circulation system would be 
less prone to produce thin dolomite bodies than the overlying mixing zone. However, a number of 
lines of evidence suggest that the entrained seawater system also produces thin bodies. 
Numerical modeling of the hydrology in an emergent homogeneous carbonate platform suggests 
that flow velocities in the marine phreatic zone decrease downsection from the mixing zone to a 
minimum, then remain constant to the base of the carbonate section (Fuller 1993). Variable 
permeabilities in different strata could channelize seawater flow and promote dolomitization in the 
more permeable layers. Thicknesses of UDU dolomite bodies range from 1 m in the dolomite bed 
in the Limestone Interbed in cores DH4 and PB1, to 5-14 m in the A Dolomite, to 31-44 m in the B 
Dolomite (Figs. 3.14-3.17). The stratigraphic scrambling of Sr ages in the latter suggests that it is a 
composite of several thin dolomite bodies. A similar disorder in the ages of the Plio-Pleistocene 
dolomites at Little Bahama Bank and San Salvador has been attributed to multiple episodes of 
dolomitization (Vahrenkamp et al. 1991).
The coalescence of thin dolomite bodies produced by mixing zone or mixing zone-entrained 
seawater dolomitization into the thick Plio-Pleistocene dolomite bodies observed at Niue, the 
Bahamas (Vahrenkamp et al. 1991; Vahrenkamp and Swart 1994), Isla de Mona (Gonzalez et al. 
1997), Makatea (Montaggioni and Camoin 1997), Nauru (Wheeler and Aharon 1999), and other 
platforms probably reflects the interaction between glacio-eustatic fluctuation and the platform’s 
floating meteoric lens. Computer modeling based on mixing zone dolomitization and Plio- 
Pleistocene eustatic curves demonstrates that overprinting by brief, incomplete dolomitization
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episodes limited to a thin hydrologic zone can result in massive platform dolomitization (Humphrey 
and Quinn 1989; Whitaker et al. 1997).
Within an emergent carbonate platform like Niue, the water table lies at most a few meters 
above seaievel (Buddemeier and Halliday 1977; Jacobson and Hill 1980a). The location of the 
underlying mixing zone is determined by the meteoric recharge rate and the permeabilities of the 
strata. If seaievel rises or the meteoric recharge rate decreases, the mixing zone will rise within the 
section, whereas it will fall if seaievel drops or the meteoric recharge rate increases. Sediment 
accumulation during seaievel high stands and platform subsidence will cause the mixing zone and 
the dolomitization site to occur higher in the section over time. Tectonic uplift such has occurred 
at Niue since the middle Pleistocene will displace the mixing zone and the dolomitization site 
downsection. The limpid, more stoichiometric rims on the MS dolomites and perhaps the sharp 
lower contacts of the A and B Dolomite bodies may be attributable to this process.
7.5.5 Evidence Regarding Ongoing Dolomitization
If mixing zone-entrained seawater mediated the UDU dolomites, dolomitization may be 
ongoing today because the same hydrologic system presently exists. Niue Island has an 
unconfined meteoric lens whose thickness is 40-80 m beneath the Mutalau basin and 50-170 m 
beneath the Mutalau ridge, based on an early application of resistivity methods (Jacobson and Hill 
1980a and b). Between the meteoric lens and the marine phreatic zone is a mixing zone that is 
assumed to be 30 m thick and has been measured at 40 m thick in the PB1 well.
Brackish water springs emerge below seaievel from the seacliffs at several locations around 
the island (Schofield 1959; section 7.2). Water samples were collected from brackish springs and 
adjacent pools at the Limu Reef Pools on Niue’s NW coast (spring L on Fig. 3.1). The Limu Reef 
Pools are a 30 m-long chain of three brackish water pools that extend from the base of the Alofi 1 
Terrace seacliff across a karsted limestone surface to a constricted junction with the modern reef 
flat. Brackish springs emerge from the base of the seacliff, whereas there are abundant coral 
colonies in the outer pool adjacent to the modem reef flat. Two water samples were collected 
directly from the brackish springs (Limu Reef 1 and 2 samples; Appendix J) and two additional 
water samples were taken from the middle and outer pools at 10 and 25 m, respectively, from the 
seacliff (Limu Reef 3 and 4 samples, respectively). The two spring samples (samples 1 and 2) have
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chlorinities (6,890-7,072 mg/L) that are well above the chlorinities in the meteoric groundwater 
lens (mean 14±8 mg/L, n=19; Appendix J), but are less than half the chlorinity of seawater 
(19,350 mg/L; Drever 1982). Progressive mixing of the discharged spring waters with seawater as 
they flow through the chain of pools to the reef flat raises the chlorinities of the water to a 
measured maximum of 12,903 mg/L (sample 4).
The chemistry of the brackish spring waters suggests that dolomitization by the meteoric- 
marine mixing zone model could be ongoing somewhere within the Niue platform. The brackish 
spring waters consist of 36% seawater, based on their chlorinities, and emerge from the ground at 
a temperature of 24°C (Appendix J). This places them within the “Dorag Zone" for disordered 
dolomite in which mixtures of seawater and meteoric water are supersaturated with respect to 
disordered dolomite, but are undersaturated with respect to calcite (Hardie 1987, Fig. 1). The 
evidence presented above indicates that the Niuean dolomites were mediated by undiluted 
seawater in the marine phreatic zone, but a mixing zone with waters of the composition of the 
brackish springs would occur down the flow path and above the site of dolomitization. The 
brackish springs demonstrate that the hydrologic system that is proposed to have resulted in 
dolomitization of at least the UDU is presently operating in the Niue platform.
One location where dolomitization could be ongoing is the Alofi Terrace. The widespread 
preservation of corals and moilusks in outcrops attests to a metastable mineral composition which 
would facilitate dolomitization. Compositional data on the Terrace is presently limited to an outcrop 
at Alofi and a nearby well which reached 0.4 m below sea level and produced seawater (Schofield 
and Nelson 1978; Jacobson and Hill 1980a). The rocks at both sites contain small amounts of 
MgCOa (1.2-14.9 wt%; Schofield and Nelson 1978) which the preservation of aragonitic skeletals 
in the Terrace suggests is from LMC and HMC. The MgC03 content in the basal 3 m of the well is 
only 1.2-2.0 wt%. Dolomite therefore has yet to be discovered in the Terrace.
Dolomitization could be ongoing deep within the Mutalau platform. In core DH5, dolomite 
constitutes up to 7% of the section from -55 to -70 m elevation. The meteoric lens at DH5 is about 
55 m thick, so the mixing zone extends to about -85 m elevation (Jacobson and Hill 1980a). 
Although the dolomite lies above the modem entrainment zone, it may illustrate the kind of 
dolomite presently forming. The limestone has been stabilized to LMC and the primary and moldic
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porosity is commonly cemented by meteoric phreatic LMC cement. The dolomite occurs as a late 
stage cement composed of isolated limpid rhombs that encrust intergranular, intraskeletal, and 
moldic porosity.
7.5.6 Concluding Remarks on the Hydrologic System
Dolomite in the Plio-Pleistocene section of Niue Island is limited to the Mutalau platform, 
where it forms two major bodies: the 5-15 m thick A Dolomite and the 30-45 m thick B Dolomite. 
Both bodies are tabular and concave-upward in shape. The A Dolomite extends across the 
platform except near the SE coast, whereas the underlying B Dolomite is ubiquitous. Dolomite is 
widespread but generally scarce and patchy in the marginal lithofacies due to early reduction of 
porosity by algal encrustation, marine cementation, and internal sediments.
Dolomitization was early post-depositional and occurred at comparatively shallow burial 
depths. Paleomagnetic data give a depositional age for the UDU of 4.4-1.4 Ma (late Zanclean- 
middle Calabrian) and Sr isotope ratios of the dolomites give maximum ages of 3.4-1.7 Ma (early 
Piacenzian-early Calabrian). Comparison of depositional and diagenetic ages indicate that the B 
Dolomite formed about 600 kyrs after deposition. This is supported by petrographic evidence that 
dolomitization followed early marine and meteoric diagenesis and preceded late stage meteoric 
diagenesis. The maximum depth of burial during dolomitization was 80 m, based on Plio- 
Pleistocene accommodation rates.
The sedimentary lithofacies and the stable isotopic and elemental geochemistry of the 
dolomites indicate that dolomitization was mediated by undiluted seawater at temperatures near 
25°C. The tabular, concave-upward morphology of the UDU dolomite bodies, their sharp upper 
and lower contacts, and their extension from platform margin to interior all point to lateral flow of a 
dolomitizing fluid that originated and/or terminated at the margin.
All characteristics point to development of the UDU dolomites in the marine phreatic zone by 
mixing zone-entrainment of seawater. Dolomitization was limited to times when sea level 
fluctuations subaerially exposed the platform, allowing the formation of a meteoric lens (Fig. 7.22). 
The likelihood of exposure during a sea level fall has been enhanced since the mid-Pleistocene 
by the end of subsidence and later emergence as Niue rode up onto the rim of the Tonga Trench.
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The geochemistry of the brackish waters discharged at the margins of the platform is favorable for 
ongoing dolomitization, although lithologic evidence of modern dolomitization is inconclusive.
Petrography, the thinness of some dolomite bodies, and the stratigraphically scrambled B 
Dolomite ages suggest that the active zone of dolomitization by mixing zone-entrainment of 
seawater is thin. Massive dolomitization required oscillation of the dolomitization zone through the 
section. It is probably no coincidence that the UDU dolomites formed during a period of large and 
frequent eustatic fluctuations linked to the Plio-Pleistocene glaciations.
7.6 Summary
Dolomite in the carbonate platform at Niue occurs in two bodies that are stratigraphically 
separated by 130 m of undolomitized limestone. The Lower Dolomite Unit occurs in the 
Tortonian-lower Messinian section and is about 165 m thick; its lateral extent into the platform 
margin facies is presently unknown. The Upper Dolomite Unit occurs in the upper Zanclean- 
Calabrian section and is about 60 m thick. The UDU is composed of two major dolomite subunits 
which are both tabular and concave-upward in shape. The subunits extend across most or all of 
the platform, although the dolomite in the marginal lithofacies composes only a small and 
sometimes patchy fraction due to early reduction of porosity.
Dolomitization of the LDU is characterized by only partial replacement and by a single, 
crystalline non-mimetic (CNM) dolomite texture. Dolomitization of the UDU is characterized by 
nearly complete replacement and by three dolomite textures: crystalline mimetic (CM), transitional 
(CMS), and microsucrosic (MS). The CM-CMS-MS dolomites are mixtures of up to three dolomite 
phases with distinctive stoichiometry and order, based on XRD analysis: Phase I (39.2 Mg mole 
%), Phase II (41.5 Mg mole %), and Phase III (46.5 Mg mole %). The proportions of the three 
phases in each texture are characteristic: CM (II» I and III), CMS (II > III» I), and MS (III = II» I). 
Linear relationships between CM-CMS-MS texture and geochemical composition (Mg mole %, Sr, 
Na, 5180 ) are attributed to phase mixing. The CNM dolomites consist of only Phase IV (41.3 Mg 
mole %), which explains the absence of wide geochemical variations. The geochemical 
composition of the dolomite phases was determined chiefly by water/rock interaction and was 
controlled by the precursor permeability and carbonate mineral composition. Replacement of Sr-
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rich CaC03 precursors yielded Sr-rich calcian dolomites, whereas replacement of Sr-poor LMC or 
calcian dolomites yielded Sr-poor stoichiometric dolomites.
The Upper Dolomite consists of seven shoaling-upward depositional cycles, which 
correspond to seven alternating successions of dolomite textures. A typical upward sequence 
consists of MS overlain by CM. Distribution of the dolomite textures is linked to the degree of 
openness of the pore system as governed by the permeability and degree of meteoric alteration 
of the precursor limestone. The permeability of CM dolomite precursors grew progressively 
clogged (partially closed system) during replacement and cementation by Phases I and II. 
Conversely, the depositional precursors of MS dolomites started with relatively low permeability 
during replacement by Phase II and progressively evolved into higher permeability by meteoric 
leaching preceding the precipitation of the stoichiometric Phase III dolomite.
Dolomitization of the Tortonian-lower Messinian interval (LDU) occurred at least 3 Myrs after 
deposition during three separate episodes at 5.3,3.9, and 1.2 Ma, or I, II, and IV. Episode I 
affected the entire LDU, whereas episodes II and IV were limited to the upper LDU. The minimum 
depth of burial during the three LDU dolomitization episodes are estimated at 110,120, and 200 
m, respectively. In contrast, dolomitization of the upper Zanclean-Calabrian interval (UDU) 
occurred relatively soon after deposition, perhaps within 600 kyrs, during an episode (III) 
extending from 3.4 to 1.5 Ma (Piacenzian-middle Calabrian). This episode probably consisted of a 
series of comparatively brief events associated with glacio-eustatic lowstands that each 
dolomitized only a thin interval, but overlapped to thoroughly dolomitize the UDU. The maximum 
depth of burial of the UDU during its dolomitization is estimated to have been 80 m. Dolomitization 
episodes ll-IV coincide with contemporaneous dolomitization episodes on other late Cenozoic 
carbonate platforms. Episode I is not presently known to have occurred elsewhere.
All characteristics point to development of the UDU dolomites from seawater-derived pore 
fluids driven by mixing zone-entrainment of seawater in the marine phreatic zone. The 
sedimentary lithofacies and the stable isotope and elemental geochemistry of the UDU dolomites 
indicate that dolomitization was mediated by undiluted seawater-derived pore fluids at 
temperatures near 25°C. The tabular, concave-upward morphology of the UDU dolomite bodies, 
their sharp upper and lower contacts, and their extension from platform margin to interior ail point
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to lateral flow of a dolomitizing fluid that originated and/or terminated at the margin. Finally, the 
comparatively early post-depositional timing (600 kyrs) and the shallow burial depth (<80 m) imply 
that dolomitization was related to a near-surface hydrologic system.
Dolomitization of the UDU was limited to times when sea-level fluctuations subaerially 
exposed the platform, allowing the formation of a meteoric lens. The likelihood of exposure during 
a sea level fall has been further enhanced since the mid-Pleistocene by the end of subsidence 
and later emergence as Niue rode up onto the rim of the Tonga Trench. Petrography, the 
thinness of some dolomite bodies, and the stratigraphically scrambled B Dolomite ages suggest 
that the active zone of dolomitization by mixing zone-entrainment of seawater is thin. Massive 
dolomitization required oscillation of the dolomitization zone through the section. It is probably no 
coincidence that the UDU dolomites formed during a period of large and frequent eustatic 
fluctuations linked to the Plio-Pleistocene glaciations.
The genesis of the LDU dolomites is less clear. The sedimentary lithofacies and the stable 
isotope and elemental geochemistry of the LDU dolomites indicate that dolomitization was 
mediatd by undiluted seawater-derived pore fluids. However, the longer time lag (minimum of 3 
Myrs) between deposition and dolomitization, the greater depth of burial (minimum 110 to 200 m), 
and the heavier 5180  values suggest that LDU dolomitization occurred deeper within the platform 
in colder seawater. Mixing zone-entrainment of seawater is a possible hydrologic model, 
particularly for the episode II and IV dolomites, which are limited to the top of the LDU and are 
contemporaneous with periods of glacio-eustatic fluctuations. The thickness and geochemical 
uniformity of the episode I dolomites, however, argue for a more constant and deep-seated 
hydrologic system such as Kohout or thermal convection. Further study of the LDU dolomites is 
needed.
Niue’s present emergent condition and hydrologic setting should be conducive for ongoing 
dolomitization, especially of the metastable Alofi Terrace. The present lithologic evidence of 
modern dolomitization remains inconclusive.
The textural and geochemical similarities of the Niue dolomites to the Mio-Pliocene section 
dolomites of the Bahamian platforms, together with the contemporaneity of the episode ll-IV
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dolomites with dolomites of the Bahamas and elsewhere, suggest that seawater-mediated 
dolomitization in shallow-water carbonates is indeed linked to glacio-eustasy.
332
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 8. CONCLUSIONS
The uppermost 520 m of Niue Island’s Mutalau Platform is subdivided into five lithologic units 
that are distinguished by their mineralogical compositions: 1) Upper Limestone (ULU, 0-30 m), 2) 
Upper Dolomite (UDU, 60 m), 3) Middle Limestone (MLU, 125-140 m), 4) Lower Dolomite (LDU, 
140 m), and 5) Lower Limestone (LLU, > 160 m). The limestones in the ULU and part of the UDU 
consist of aragonite and calcite, whereas all underlying limestones are composed of low-Mg 
calcite. Dolomite is present in only trace amounts in the ULU and LLU (< 7 and < 1 mole%, 
respectively), and in the MLU is limited to small amounts (< 7 mole%) at one horizon in one well. In 
the UDU, dolomitization is generally pervasive in the platform interior and is incomplete at the 
platform margin. The dolomite is distributed into two major, saucer-shaped bodies that extend 
across most or all of the platform. Dolomite content in the LDU averages 30 mole% and varies 
widely. The lateral extent of the LDU toward the platform margin is presently unknown due to the 
lack of core coverage.
Analyses of the ^Sr/^Sr isotope ratios of limestones in the upper 340 m of the Mutalau 
Platform conducted in conjunction with this study, along with limited prior biostratigraphic study, 
reveal that the upper Mutalau Platform accumulated between 8.5 and 1.8 Ma. Paleomagnetic 
analyses anchored by these data improve the age resolution and show that the upper 340 m 
extend from the lower part of chron 4r.2r (8.6 Ma, middle Tortonian) into chron 1 r (1.7 Ma, early 
Calabrian). Accretion rates calculated using the paleomagnetic data generally decreased from 
62.1 m/Ma during the Tortonian to 19.0 m/Ma in the Piacenzian, which is consistent with crustal 
cooling around an extinct hotspot seamount. However, the accretion rate increased to 114.5 
m/Ma during the middle and late Messinian. This temporary increase is attributed to accelerated 
subsidence following a possible late Miocene re-heating of the Niue seamount.
Vertical and lateral distribution of the eight carbonate lithofacies recognized in the upper 
Mutalau platform indicate that it developed as a coral atoll during the Tortonian-Calabrian. 
Beginning in the Messinian, the reef on the windward margin may have formed a sufficiently
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continuous barrier to limit patch reef development in the adjacent lagoon. In the platform interior, 
there are a series of at least eleven, 5-15 m thick shoaling-upward sequences in the Zanclean- 
Calabrian section and in portions of the Messinian section. The sequences are typified by a lower, 
skeletal packstone to wackestone unit that is succeeded upsection by skeletal grainstones which 
locally include possible beach deposits. The uppermost few meters usually bear petrographic and 
geochemical evidence of extensive meteoric diagenesis, indicating that most of the shoaling- 
upward sequences were terminated by a sea-level fall and subaerial exposure of the lagoon. The 
progressive development of the barrier reef, the upsection-increasing dominance of shallow- 
water facies in the lagoon, and the upsection-increasing occurrence of shoaling-upward 
sequences is attributed to decreasing cooling and subsidence rates of the underlying volcano 
and to eustatic fluctuations related to ice cap development during the Mio-Pliocene and 
glaciations during the Plio-Pieistocene.
Diagenesis of the Tortonian platform interior sediments consists of minimal early marine 
cementation, complete stabilization to LMC limestone, and partial dolomitization. Stabilization was 
achieved by marine-derived fluids circulating deep within the platform rather than by meteoric 
fluids, based on the absence of meteoric petrographic features and on the heavy 5'sO values 
(-0.8±0.7%o PDB, n=63) and comparatively high Mg/Ca and Sr/Ca molar ratios (31.4±9.4x103 and 
1.29±0.25x103, respectively; n=33) of the limestones.
The Messinian-Zanciean sediments of the platform interior likewise display little early marine 
cementation, but 11 discrete, 3-8 m thick, intervals have been heavily altered by meteoric 
diagenesis. The sections between these meteoric diagenetic zones (MDZs) have been stabilized 
to LMC limestone. The MDZs are distinguished in the limestones by meteoric petrographic 
features, light 513C and 6,80  values (minimum -6.5%« and -4.3%o PDB, respectively), comparatively 
low Mg/Ca and Sr/Ca molar ratios (minimum of 9.4x10s and 0.18x103, respectively), and by low 
513C values (minimum of -26.0%<> PDB) in the organic fraction of some MDZs. Most MDZs are 
correlative across the platform. Stabilization of the limestones between the MDZs was probably 
mediated by marine-derived fluids based on the absence of meteoric petrographic features and
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on relatively heavy 8180  values (-2.0±0.9%o PDB, n=79) and high Mg/Ca and Sr/Ca molar ratios 
(20.8±9.1x103 and 0.70±0.50x103, respectively; n=57).
The Piacenzian-Calabrian platform interior sediments present a more complex diagenetic 
history of early marine diagenesis, limited meteoric diagenesis and stabilization, extensive 
dolomitization, and later meteoric diagenesis. Early marine cementation is generally limited except 
in the capping beds of some upper Piacenzian shoaling-upward sequences, where the 
grainstones bear well-developed circumgranular rinds of fibrous or bladed CaC03 cements. 
Although some original aragonitic components have been preserved, meteoric diagenesis is 
ubiquitous, ranging from patches of LMC cement encasing metastable components to complete 
stabilization. Three MDZs (12-14) that preceded dolomitization are discernable; the boundaries of 
others within the dolomitized intervals are unclear and were not defined. The MDZ limestones are 
characterized by light 813C and 5'0O values (minimum -8.8 and -7.6%o PDB, respectively) and low 
Mg/Ca and Sr/Ca molar ratios (minimum of 11.4x103 and 0.28x103, respectively). Petrographic 
evidence shows that dolomitization and meteoric diagenesis subsequently alternated in the 
Piacenzian-Calabrian interval.
In the Calabrian platform margin, extensive early marine cementation by fibrous and bladed 
high-Mg calcite, and fibrous aragonite bound the reef margin sediments into a lithified structure. 
Dolomitization is widespread, but is usually limited to selective replacement of some early marine 
cements and to cement linings. No evidence of early-stage meteoric diagenesis could be found. 
Stabilization to LMC is minimal except where extensive dolomitization has occurred. Late-stage 
meteoric diagenesis has deposited LMC cements in many pores, has dissolved large cavities in 
the face of the platform margin, and has partially filled them with flowstone.
The MDZ record indicates that there have been at least 15 relative sea-level lowstands at Niue 
between 8.5 and 1.5 Ma. During the Messinian, there were 9 lowstands beginning at 6.49 Ma and 
closing with the end-Messinian sea-level fail at 5.33 Ma. Most lowstands were brief (15 Ka), 
although Lowstand 9 may have lasted 50 to 178 Ka. The Niue record suggests that the 
magnitudes of the Lowstand 1-8 sea-level falls ranged from 30 to 36 m, whereas the Lowstand 9
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fall was about 14 m. In the Plio-Pleistocene interval, there is evidence of at least 6 lowstands that 
lasted from 15 to 34 Ka and ranged in magnitude from 5 to 13 m. The Niue record overall 
coincides with the third-order eustatic curve of Haq et al. (1988). The lowstands shown by the 
third-order eustatic curve during the Messinian between 6.6 and 5.3 Ma, and during the Pliocene- 
early Pleistocene at 3.9, 2.4, and 1.7 Ma are represented in the Niue record. This 
correspondence suggests that the platform emergences poor to the present tectonically-related 
uplift were due to eustatic sea-level fluctuations.
Dolomitization of the UDU is characterized by nearly complete replacement and by three 
dolomite textures: crystalline mimetic (CM), transitional (CMS), and microsucrosic (MS). The CM- 
CMS-MS dolomites are mixtures of up to three dolomite phases with distinctive stoichiometry and 
order, based on XRD analysis: Phase I (39.2 Mg mole%), Phase II (41.5 Mg mole%), and Phase III 
(46.5 Mg mole%). The proportions of the three Dhases in each texture are characteristic: CM (II »
I and III), CMS (II > III»  I), and MS (III = I I» I). Linear relationships between CM-CMS-MS texture 
and geochemical composition (Mg mole%, Sr, Na, 5,0O) are attributed to phase mixing. In contrast, 
dolomitization of the LDU is characterized by only partial replacement and by a single, crystalline 
non-mimetic (CNM) dolomite texture. The CNM dolomites consist of only Phase IV (41.3 Mg 
mole%) and are marked by a consequential absence of wide geochemical variations. The 
geochemical composition of the dolomite phases was determined chiefly by water/rock interaction 
and was controlled by the precursor permeability and carbonate mineral composition.
Replacement of Sr-rich CaC03 precursors yielded Sr-rich calcian dolomites, whereas replacement 
of Sr-poor LMC or calcian dolomites yielded Sr-poor stoichiometric dolomites.
The UDU consists of seven alternating successions of dolomite textures that correspond to 
seven shoaling-upward sequences. A typical upward succession consists of MS overlain by CM. 
Distribution of the dolomite textures is linked to the degree of openness of the pore system as 
governed by the permeability and degree of meteoric alteration of the precursor limestone. The 
permeability of CM dolomite-precursor grainstones grew progressively clogged (partially closed 
system) during replacement and cementation by Phase I and II dolomites. Conversely, the
336
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
packstone precursors of MS dolomites had relatively low permeability during replacement by 
Phase II dolomite and progressively evolved into higher permeability by the meteoric leaching that 
preceded precipitation of Phase III dolomite. In the LDU, there is no apparent relationship 
between the degree of dolomitization and the lithofacies.
Apparent ages of the Niue dolomites were derived from 87Sr/®6Sr isotope ratios measured in 
conjunction with this study. The ^Sr/^Sr isotope ratios of the LDU dolomites cluster into three 
groups around 0.708985, 0.709022, and 0.709111. They indicate that dolomitization of the LDU 
occurred at least 3 Ma after deposition during three separate episodes at 5.3 Ma (Episode I), 3.9 
Ma (Episode II), and 1.2 Ma (Episode IV). Episode I affected the entire LDU, whereas episodes II 
and IV were limited to the upper LDU. The minimum depths of burial during the three LDU 
dolomitization episodes are estimated at 110,120, and 200 m, respectively.
The 87Sr/86Sr isotope ratios of the UDU dolomites form a single cluster around 0.709041 and 
indicate that dolomitization occurred relatively soon after deposition, perhaps within 600 kyrs, 
during an episode (III) extending from 3.4 to 1.5 Ma. The episode probably consisted of a series of 
comparatively brief events associated with glacio-eustatic lowstands that each dolomitized only a 
thin interval, but overlapped to thoroughly dolomitize the UDU. The estimated maximum depth of 
burial of the UDU during its dolomitization is 80 m. Dolomitization episodes ll-IV coincide with 
contemporaneous dolomitization episodes on other late Cenozoic carbonate platforms. Episode I 
is not presently known to have occurred elsewhere.
All characteristics point to development of the UDU dolomites from seawater-derived pore 
fluids driven by mixing zone-entrainment of seawater in the marine phreatic zone. The 
sedimentary lithofacies and the stable isotope and elemental geochemistry of the UDU dolomites 
indicate that dolomitization was mediated by undiluted seawater-derived pore fluids at 
temperatures near 25°C. The saucer-shape of the UDU dolomite bodies, their sharp upper and 
lower contacts, and their extension from platform margin to interior all point to lateral flow of a 
dolomitizing fluid that originated and/or terminated at the margin. Finally, the comparatively early 
post-depositional timing (600 kyrs) and the shallow burial depth (<80 m) imply that dolomitization
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was related to a near-surface hydrologic system. Dolomitization of the UDU was limited to times 
when sea-level fluctuations subaerially exposed the platform, allowing the formation of a meteoric 
lens. The likelihood of exposure during a sea level fall was further enhanced since the mid- 
Pleistocene by the cessation of subsidence and later emergence as Niue rode up onto the rim of 
the Tonga Trench.
Petrography, the thinness of some dolomite bodies, and the stratigraphically scrambled ages 
in the B Dolomite suggest that the active zone of dolomitization by mixing zone-entrainment of 
seawater is thin. Massive dolomitization required oscillation of the dolomitization zone through the 
section. It is probably no coincidence that the UDU dolomites formed during a period of large and 
frequent eustatic fluctuations linked to the Plio-Pleistocene glaciations.
The genesis of the LDU dolomites is less clear. The sedimentary lithofacies and the stable 
isotope and elemental geochemistry of the LDU dolomites indicate that dolomitization was 
mediated by undiluted seawater-derived pore fluids. However, the longer time lag (minimum of 3 
myrs) between deposition and dolomitization, the greater depth of burial (minimum 110 to 200 m), 
and the heavier 8'80  values suggest that LDU dolomitization occurred deeper within the platform 
in colder seawater. Mixing zone-entrainment of seawater is a possible hydrologic model, 
particularly for the Episode II and IV dolomites, which are limited to the top of the LDU and are 
contemporaneous with periods of glacio-eustatic fluctuations. However, the thickness and 
geochemical uniformity of the Episode I dolomites argue for a more constant and deep-seated 
hydrologic system such as Kohout or thermal convection. Further study of the LDU dolomites is 
needed.
The textural and geochemical similarities of the Niue dolomites to the Mio-Pliocene section 
dolomites of the Bahamian platforms, together with the contemporaneity of the episode ll-IV 
dolomites with dolomites of the Bahamas and elsewhere, suggest that seawater-mediated 
dolomitization in shaliow-water carbonates is linked to glacio-eustasy.
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2.00 2.00 0.00 0 began coring
5.30 3.30 0.66 20
7.50 2.20 0.55 25
10.50 3.00 2.40 80
13.50 3.00 3.00 100
16.70 3.20 3.20 100
19.70 3.00 0.60 20
28.10 8.40 0.00 0
29.20 1.10 0.02 2
32.50 3.30 0.07 2
35.20 2.70 0.00 0
37.60 2.40 1.20 50
39.60 2.00 1.00 50
40.20 0.60 0.30 50
total 13.00 32 well average
CORE PB2
4.00 4.00 0.00 0 began coring
7.00 3.00 0.90 30
9.20 2.20 1.87 85
10.50 1.30 1.30 100
13.40 2.90 2.90 100
16.70 3.30 2.64 80
19.00 2.30 2.07 90
22.00 3.00 2.10 70
24.80 2.80 0.00 0
25.00 0.20 0.20 100
25.50 0.50 0.50 100
26.80 1.30 1.30 100
29.80 3.00 3.00 100
31.40 1.60 0.80 50
33.40 2.00 0.80 40
36.50 3.10 3.10 100
38.50 2.00 2.00 100
41.70 3.20 2.24 70
43.90 2.20 2.20 100
46.95 3.05 2.75 90
total 32.67 70 well average
CORE DH4
8.62 8.62 0.00 0 began coring
11.14 2.52 1.60 63
13.00 1.86 1.50 81

















16.05 3.05 2.75 90
19.82 3.77 3.30 88
22.84 3.02 2.80 93
25.88 3.04 3.00 99
29.47 3.59 3.10 86
32.50 3.03 2.70 89
35.50 3.00 2.90 97
38.48 2.98 3.00 101
40.60 2.12 2.20 104
49.60 9.00 3.30 37 sic
48.80 -0.80 1.80 -225 sic
51.90 3.10 2.00 65
52.54 0.64 0.60 94
54.35 1.81 1.80 99
56.65 2.30 2.35 102
57.51 0.86 0.75 87
60.38 2.87 0.50 17
62.22 1.84 0.05 3
64.45 2.23 0.10 4
67.50 3.05 0.10 3
68.40 0.90 0.25 28
70.52 2.12 0.60 28
73.57 3.05 2.95 97
75.20 1.63 1.15 71
77.56 2.36 2.20 93
78.62 1.06 1.00 94
81.67 3.05 1.10 36
84.72 3.05 1.00 33
86.70 1.98 0.60 30
88.01 1.31 0.50 38
92.70 4.69 0.80 17
95.10 2.40 2.00 83
98.00 2.90 0.90 31
101.05 3.05 0.15 5
104.10 3.05 1.45 48
107.15 3.05 0.60 20
110.20 3.05 0.50 16
112.05 1.85 0.25 14
116.25 4.20 1.50 36
122.25 6.00 2.60 43
. 126.30 . 4.05 3.30 81
. 131.40 5.10 0.10 2
136.50 5.10 0.05 1
139.55 3.05 0.70 23
142.60 3.05 2.90 95
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Base of Interval Interval Interval Comments
Cored Interval, Thickness Core Core




145.65 3.05 0.10 3
148.70 3.05 0.10 3
151.75 3.05 0.20 7
154.80 3.05 0.20 7
157.85 3.05 0.05 2
160.90 3.05 0.10 3
163.95 3.05 0.25 8
167.00 3.05 0.15 5
168.80 1.80 0.03 2
173.85 5.05 0.10 2
176.15 2.30 0.10 4
177.50 1.35 0.03 2
179.50 2.00 0.02 1
182.25 2.75 1.20 44
185.30 3.05 0.05 2
188.35 3.05 0.10 3
191.40 3.05 0.15 5
194.45 3.05 0.05 2
195.80 1.35 0.04 3
197.70 1.90 0.03 2
200.30 2.60 0.90 35
201.00 0.70 0.25 36
207.60 6.60 2.60 39
209.05 1.45 1.00 69
212.10 3.05 3.40 111
215.20 3.10 3.30 106
218.25 3.05 1.80 59
220.30 2.05 2.40 117
223.45 3.15 1.00 32
226.60 3.15 0.00 0
227.90 1.30 0.00 0
230.00 2.10 0.00 0
231.70 1.70 1.50 88
233.60 1.90 1.30 68
235.30 1.70 0.70 41
236.60 1.30 0.25 19
239.20 2.60 1.75 67
240.50 1.30 1.10 85
241.80 1.30 0.15 12
244.00 2.20 1.45 66
244.60 0.60 0.40 67
245.00 0.40 0.30 75
246.30 1.30 1.05 81
250.95 4.65 2.50 54
253.50 2.55 1.30 51
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255.60 2.10 1.10 52
257.05 1.45 0.55 38
258.50 1.45 0.60 41
260.10 1.60 0.50 31
260.80 0.70 0.55 79
261.00 0.20 0.20 100
261.20 0.20 0.05 25
264.70 3.50 0.10 3
265.60 0.90 0.90 100
269.20 3.60 3.15 88
275.75 6.55 3.25 50
279.40 3.65 2.80 77
285.35 5.95 2.50 42
288.40 3.05 0.05 2
290.25 1.85 0.20 11
293.00 2.75 0.80 29
293.30 0.30 0.25 83
294.50 1.20 0.60 50
295.80 1.30 0.90 69
298.80 3.00 2.20 73
301.30 2.50 2.50 100
303.25 1.95 0.40 21
total 128.95 43 well average
CORE DH5
51.00 51.00 0.00 0 began coring
54.45 3.45 3.10 90
56.90 2.45 0.95 39
60.00 3.10 3.10 100
63.02 3.02 1.10 36
66.65 3.63 0.05 1
69.70 3.05 0.05 2
74.00 4.30 0.03 1
77.20 3.20 0.02 1
80.35 3.15 0.05 2
85.10 4.75 0.02 0
88.15 3.05 0.10 3
89.10 0.95 0.50 53
92.15 3.05 0.30 10
95.20 3.05 1.70 56
97.25 2.05 0.40 20
100.30 3.05 0.70 23
102.40 2.10 1.50 71
105.10 2.70 2.10 78
108.50 3.40 1.40 41

















112.50 4.00 1.30 33
115.55 3.05 2.00 66
117.64 2.09 1.30 62
119.95 2.31 1.60 69
122.65 2.70 0.20 7
124.50 1.85 2.20 119
129.60 5.10 3.00 59
130.65 1.05 0.80 76
133.65 3.00 0.60 20
136.65 3.00 0.30 10
138.00 1.35 0.10 7
141.05 3.05 3.05 100
144.00 2.95 2.20 75
146.40 2.40 0.05 2
149.40 3.00 0.10 3
152.45 3.05 0.05 2
154.25 1.80 0.60 33
157.30 3.05 0.40 13
160.35 3.05 0.45 15
163.40 3.05 0.10 3
166.45 3.05 0.02 1
169.50 3.05 0.02 1
176.70 7.20 0.02 0
185.90 9.20 0.02 0
187.20 1.30 0.05 4
192.45 5.25 1.20 23
193.50 1.05 0.20 19
196.55 3.05 0.90 30
197.85 1.30 0.10 8
201.00 3.15 0.60 19
204.00 3.00 0.30 10
total 41.00 28 well average
CORE DH6
101.80 101.80 0.00 0 began coring
120.05 18.25 0.10 1
126.15 6.10 0.30 5
129.25 3.10 0.40 13
132.35 3.10 0.20 6
135.45 3.10 0.12 4
138.50 3.05 0.40 13
141.60 3.10 0.05 2
143.65 2.05 0.12 6
147.70 4.05 0.05 1
150.75 3.05 0.05 2
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153.80 3.05 0.05 2
total 1.84 4 well average
CORE DH7
100.00 100.00 0.00 0 began coring
102.00 2.00 0.90 45
103.60 1.60 0.90 56
104.70 1.10 0.30 27
108.00 3.30 2.00 61
108.70 0.70 0.20 29
111.75 3.05 0.80 26
112.80 1.05 0.25 24
115.85 3.05 0.65 21
118.90 3.05 1.20 39
121.00 2.10 0.50 24
125.15 4.15 0.50 12
128.20 3.05 0.90 30
130.25 2.05 1.10 54
133.30 3.05 1.80 59
136.35 3.05 3.05 100
138.10 1.75 0.90 51
140.15 2.05 1.40 68
143.20 3.05 2.00 66
143.80 0.60 0.45 75
146.90 3.10 1.25 40
148.00 1.10 0.40 36
151.05 3.05 0.30 10
154.10 3.05 0.50 16
157.15 3.05 0.35 11
160.20 3.05 1.20 39
163.25 3.05 0.80 26
166.30 3.05 0.40 13
169.40 3.10 2.10 68
172.45 3.05 1.80 59
175.55 3.10 3.10 100
176.70 1.15 1.15 100
179.75 3.05 3.05 100
180.85 1.10 1.10 100
183.90 3.05 1.40 46
186.95 3.05 0.05 1
193.10 6.15 0.05 1
196.20 3.10 0.03 1
199.25 3.05 0.05 2
202.30 3.05 0.05 2
total 38.88 37 well average
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100.00 100.00 0.00 0 began coring
103.05 3.05 0.75 25
106.10 3.05 1.10 36
109.15 3.05 0.30 10
111.20 2.05 1.15 56
112.20 1.00 0.20 20
133.85 21.65 0.00 0
136.95 3.10 0.44 14
140.00 3.05 0.25 8
142.40 2.40 1.05 44
145.45 3.05 0.20 7
147.60 2.15 0.10 5
150.65 3.05 0.02 1
152.75 2.10 0.04 2
157.00 4.25 0.00 0
158.05 1.05 0.00 0
160.15 2.10 0.00 0
163.20 3.05 0.00 0
164.30 1.10 0.00 0
167.45 3.15 0.40 13
169.45 2.00 0.00 0
172.60 3.15 0.00 0
175.65 3.05 0.00 0
178.95 3.30 0.10 3
182.10 3.15 0.20 6
184.20 2.10 0.50 24
186.25 2.05 0.70 34
187.95 1.70 0.05 3
191.00 3.05 0.15 5
193.10 2.10 0.30 14
194.15 1.05 0.35 33
197.25 3.10 0.10 3
200.45 3.20 0.00 0
201.45 1.00 0.00 0
204.60 3.15 0.00 0
207.65 3.05 0.00 0
210.70 3.05 0.00 0
213.70 3.00 0.00 0
214.80 1.10 0.00 0
total 8.45 7 well average
1 Data from Avian Mining Party, Ltd., drilling logs, provided courtesy of J. Barrie.
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CORE PB1 (elev. 34.20 m)
4.0 30.2 0.0 0.0 100.0
5.5 28.7 0.0 3.1 96.9
7.0 27.2 0.0 3.3 96.7
8.0 26.2 0.0 2.5 97.5
8.5 25.7 0.0 81.9 18.1
9.5 24.7 29.4 70.2 0.4
10.5 23.7 11.5 88.5 0.0
11.5 22.7 0.0 100.0 0.0
12.5 21.7 0.0 100.0 0.0
13.0 13 fg 21.2 0.0 0.7 99.3
13.0 13 bio 21.2 0.0 0.8 99.2
13.5 20.7 0.0 0.9 99.1
14.0 20.2 2.6 97.4 0.0
15.0 19.2 0.0 100.0 0.0
15.5 18.7 11.9 88.1 0.0
16.0 18.2 0.0 99.6 0.4
16.9 17.3 0.0 1.5 98.6
19.5 14.7 0.0 0.7 99.3
28.4 5.8 0.0 1.0 99.0
30.5 3.7 0.0 0.0 100.0
34.0 0.2 0.0 0.0 100.0
35.0 -0.8 0.0 1.0 99.0
36.5 -2.3 0.0 0.3 99.7
37.5 -3.3 0.0 0.0 100.0
38.5 -4.3 0.0 0.0 100.0
39.6 -5.4 0.0 0.0 100.0
40.0 -5.8 0.0 0.9 99.1
CORE PB2 (elev. 37.50 m)
4.0 33.5 0.0 1.3 98.7
5.0 32.5 0.0 0.9 99.1
7.0 30.5 0.0 1.1 98.9
8.0 29.5 0.0 0.0 100.0
9.0 28.5 0.0 0.9 99.1
10.0 27.5 0.0 0.0 100.0
10.5 27.0 0.0 100.0 0.0
11.0 26.5 0.0 100.0 0.0
11.5 26.0 0.0 4.4 95.6
12.0 25.5 0.0 99.5 0.5
13.5 24.0 0.0 100.0 0.0
14.1 23.4 0.0 100.0 0.0
15.1 22.4 0.0 100.0 0.0
16.0 21.5 0.0 100.0 0.0
17.0 20.5 0.0 100.0 0.0
17.5 20.0 0.0 0.8 99.2
18.0 19.5 73.3 0.0 26.7
19.0 18.5 0.0 0.0 100.0



















20.0 17.5 0.0 0.9 99.1
21.0 16.5 0.0 0.0 100.0
22.0 15.5 0.0 0.8 99.2
24.8 12.7 0.0 11.9 88.1
25.0 25 top 12.5 0.0 0.7 99.4
25.0 25 bottom 12.5 0.0 47.3 52.7
26.0 11.5 0.0 1.5 98.5
27.0 10.5 0.0 1.6 98.4
28.0 9.5 0.0 0.0 100.0
29.0 8.5 0.0 0.0 100.0
31.0 6.5 0.0 3.8 96.2
33.0 4.5 0.0 0.0 100.0
34.0 3.5 0.0 0.0 100.0
35.0 2.5 0.0 0.9 99.1
36.0 1.5 0.0 17.9 82.2
36.5 1.0 0.0 47.2 52.8
37.5 0.0 0.0 63.0 37.0
38.0 -0.5 0.0 42.1 57.9
38.5 -1.0 0.0 10.2 89.8
40.1 -2.6 0.0 58.3 41.7
41.0 -3.5 0.0 16.0 84.1
42.0 -4.5 0.0 0.0 100.0
43.0 -5.5 0.0 0.2 99.8
43.5 -6.0 0.0 0.0 100.0
44.0 -6.5 0.0 0.0 100.0
44.6 -7.1 0.0 0.0 100.0
45.5 -8.0 0.0 0.0 100.0
46.5 -9.0 0.0 0.0 100.0
46.9 -9.4 0.0 0.0 100.0
CORE DH4 (elev. 34.20 m)
9.0 25.2 6.5 92.9 0.6
10.0 24.2 20.6 79.4 0.0
11.0 23.2 2.1 97.9 0.0
12.0 22.2 0.0 100.0 0.0
12.5 21.7 0.0 99.6 0.4
13.0 21.2 0.0 0.7 99.3
13.5 13.5 porous 20.7 0.0 1.2 98.8
13.5 13.5 dense 20.7 0.0 74.5 25.5
14.0 20.2 0.0 100.0 0.0
15.0 19.2 9.3 90.7 0.0
16.0 18.2 0.0 100.0 0.0
16.5 17.7 0.0 99.3 0.7
17.0 17.2 58.6 40.7 0.8
17.5 16.7 0.0 99.5 0.5
18.0 16.2 0.0 0.0 100.0
19.0 15.2 0.0 0.0 100.0
20.0 14.2 0.0 0.0 100.0
21.0 13.2 0.0 1.2 98.8
22.0 12.2 0.0 0.8 99.3
368
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82.0 -47.8 0.0 100.0 0.0
83.0 -48.8 0.0 100.0 0.0
84.0 -49.8 0.0 100.0 0.0
85.0 -50.8 0.0 100.0 0.0
86.0 -51.8 0.0 100.0 0.0
87.0 -52.8 0.0 100.0 0.0
88.0 -53.8 0.0 100.0 0.0
91.0 -56.8 0.0 100.0 0.0
93.0 -58.8 0.0 100.0 0.0
94.0 -59.8 0.0 100.0 0.0
95.0 -60.8 0.0 100.0 0.0
96.0 -61.8 0.0 100.0 0.0
97.0 -62.8 0.0 100.0 0.0
98.0 -63.8 0.0 100.0 0.0
101.0 •66.8 0.0 100.0 0.0
103.0 -68.8 0.0 100.0 0.0
104.0 -69.8 0.0 100.0 0.0
107.0 -72.8 0.0 100.0 0.0
110.0 -75.8 0.0 100.0 0.0
112.0 -77.8 0.0 100.0 0.0
113.0 -78.8 0.0 100.0 0.0
114.0 -79.8 0.0 100.0 0.0
115.0 -80.8 0.0 100.0 0.0
116.0 -81.8 0.0 100.0 0.0
117.0 -82.8 0.0 100.0 0.0
118.0 -83.8 0.0 100.0 0.0
119.0 -84.8 0.0 100.0 0.0
120.0 -85.8 0.0 100.0 0.0
122.0 -87.8 0.0 100.0 0.0
123.0 -88.8 0.0 100.0 0.0
124.0 -89.8 0.0 100.0 0.0
125.0 -90.8 0.0 100.0 0.0
126.0 -91.8 0.0 100.0 0.0
136.5 -102.3 0.0 100.0 0.0
139.0 -104.8 0.0 100.0 0.0
140.0 -105.8 0.0 100.0 0.0
142.0 -107.8 0.0 100.0 0.0
150.0 -115.8 0.0 100.0 0.0
154.0 -119.8 0.0 100.0 0.0
169.0 -134.8 0.0 100.0 0.0
179.0 -144.8 0.0 100.0 0.0
182.0 -147.8 0.0 100.0 0.0
198.0 •163.8 0.0 45.4 54.6
199.0 -164.8 0.0 74.9 25.1
200.5 -166.3 0.0 88.7 11.3
201.0 -166.8 0.0 92.9 7.1
202.0 -167.8 0.0 98.6 1.4
204.0 -169.8 0.0 100.0 0.0
207.0 -172.8 0.0 93.3 6.7
208.0 -173.8 0.0 100.0 0.0
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282.0 -247.8 0.0 79.8 20.2
284.0 -249.8 0.0 64.9 35.1
285.0 -250.8 0.0 64.5 35.5
290.0 -255.8 0.0 1.7 98.3
293.0 -258.8 0.0 50.3 49.7
294.5 -260.3 0.0 84.0 16.0
295.0 -260.8 0.0 85.9 14.1
296.0 -261.8 0.0 96.1 3.9
297.0 -262.8 0.0 95.8 4.2
298.0 •263.8 0.0 95.9 4.1
299.0 -264.8 0.0 65.2 34.8
300.0 -265.8 0.0 56.1 43.9
301.0 -266.8 0.0 85.8 14.2
303.0 -268.8 0.0 89.5 10.5
CORE DH5 (elev. 33.62 m)
51.0 -17.4 0.0 1.4 98.6
52.0 -18.4 0.0 0.0 100.0
53.0 -19.4 0.0 0.9 99.2
54.0 -20.4 0.0 0.0 100.0
56.0 -22.4 0.0 0.0 100.0
57.0 -23.4 0.0 0.0 100.0
58.0 -24.4 0.0 0.0 100.0
59.0 -25.4 0.0 0.0 100.0
60.0 -26.4 0.0 0.0 100.0
62.5 -28.9 0.0 0.0 100.0
63.0 -29.4 0.0 0.9 99.1
67.0 -33.4 0.0 98.3 1.7
78.0 -44.4 0.0 1.4 98.6
88.0 -54.4 0.0 100.0 0.0
89.0 -55.4 0.0 99.7 0.3
92.0 -58.4 0.0 100.0 0.0
93.0 -59.4 0.0 98.6 1.4
94.0 -60.4 0.0 100.0 0.0
95.0 -61.4 0.0 100.0 0.0
100.0 -66.4 0.0 99.4 0.6
100.5 •66.9 0.0 99.0 1.0
101.0 -67.4 0.0 96.7 3.3
102.5 -68.9 0.0 92.8 7.2
104.0 -70.4 0.0 98.0 2.0
105.0 -71.4 0.0 100.0 0.0
107.0 -73.4 0.0 100.0 0.0
108.0 -74.4 0.0 100.0 0.0
109.0 -75.4 0.0 100.0 0.0
111.0 -77.4 0.0 100.0 0.0
112.0 -78.4 0.0 100.0 0.0
113.0 -79.4 0.0 100.0 0.0
114.0 -80.4 0.0 100.0 0.0
115.0 -81.4 0.0 100.0 0.0
116.0 -82.4 0.0 100.0 0.0



















117.0 -83.4 0.0 100.0 0.0
118.0 -84.4 0.0 100.0 0.0
120.0 -86.4 0.0 100.0 0.0
123.0 -89.4 0.0 100.0 0.0
124.0 -90.4 0.0 100.0 0.0
125.0 -91.4 0.0 100.0 0.0
126.0 -92.4 0.0 100.0 0.0
127.0 -93.4 0.0 100.0 0.0
128.0 -94.4 0.0 100.0 0.0
129.0 -95.4 0.0 100.0 0.0
130.0 -96.4 0.0 100.0 0.0
132.0 -98.4 0.0 100.0 0.0
134.0 -100.4 0.0 100.0 0.0
136.0 -102.4 0.0 100.0 0.0
138.0 -104.4 0.0 100.0 0.0
140.0 -106.4 0.0 100.0 0.0
141.0 -107.4 0.0 100.0 0.0
142.0 -108.4 0.0 100.0 0.0
143.0 -109.4 0.0 100.0 0.0
144.0 -110.4 0.0 100.0 0.0
152.0 -118.4 0.0 100.0 0.0
154.0 -120.4 0.0 100.0 0.0
156.0 -122.4 0.0 100.0 0.0
160.0 -126.4 0.0 100.0 0.0
187.0 -153.4 0.0 100.0 0.0
188.0 -154.4 0.0 100.0 0.0
190.0 -156.4 0.0 100.0 0.0
193.0 -159.4 0.0 100.0 0.0
194.0 -160.4 0.0 100.0 0.0
195.0 -161.4 0.0 100.0 0.0
198.0 -164.4 0.0 100.0 0.0
200.0 -166.4 0.0 100.0 0.0
CORE DH6 a (elev. 38 m)
336.0 -298.0 0.6 17.8 81.6
380.0 -342.0 2.5 97.1 0.4
487.0 -449.0 1.4 98.1 0.5
CORE DH7 (elev. 47.15 m)
101.0 -53.9 0.0 100.0 0.0
102.0 -54.9 0.0 100.0 0.0
103.0 -55.9 0.0 100.0 0.0
104.0 -56.9 0.0 100.0 0.0
105.5 -58.4 0.0 100.0 0.0
106.0 -58.9 0.0 100.0 0.0
107.0 -59.9 0.0 100.0 0.0
108.5 -61.4 0.0 100.0 0.0
109.5 -62.4 0.0 100.0 0.0
111.0 •63.9 0.0 100.0 0.0
112.0 -64.9 0.0 100.0 0.0
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113.0 -65.9 0.0 100.0 0.0
114.0 -66.9 0.0 100.0 0.0
115.5 -68.4 0.0 100.0 0.0
116.5 -69.4 0.0 100.0 0.0
117.5 -70.4 0.0 100.0 0.0
118.5 -71.4 0.0 100.0 0.0
119.5 -72.4 0.0 100.0 0.0
120.0 -72.9 0.0 100.0 0.0
121.0 -73.9 0.0 100.0 0.0
122.0 -74.9 0.0 100.0 0.0
123.0 -75.9 0.0 100.0 0.0
124.0 -76.9 0.0 100.0 0.0
125.5 -78.4 0.0 100.0 0.0
126.0 -78.9 0.0 100.0 0.0
127.0 -79.9 0.0 100.0 0.0
128.5 -81.4 0.0 100.0 0.0
129.5 -82.4 0.0 100.0 0.0
130.5 -83.4 0.0 100.0 0.0
131.5 -84.4 0.0 100.0 0.0
132.5 -85.4 0.0 100.0 0.0
133.5 -86.4 0.0 100.0 0.0
134.5 -87.4 0.0 100.0 0.0
135.5 -88.4 0.0 100.0 0.0
136.5 -89.4 0.0 100.0 0.0
137.5 -90.4 0.0 100.0 0.0
138.5 -91.4 0.0 100.0 0.0
139.5 -92.4 0.0 100.0 0.0
140.5 -93.4 0.0 100.0 0.0
141.5 -94.4 0.0 100.0 0.0
142.5 -95.4 0.0 100.0 0.0
143.5 -96.4 0.0 100.0 0.0
144.5 -97.4 0.0 100.0 0.0
145.0 -97.9 0.0 100.0 0.0
146.0 -98.9 0.0 100.0 0 0
147.0 -99.9 0.0 100.0 0.0
148.0 -100.9 0.0 100.0 0.0
150.5 -103.4 0.0 100.0 0.0
151.0 -103.9 0.0 100.0 0.0
152.0 -104.9 0.0 100.0 0.0
154.0 -106.9 0.0 100.0 0.0
156.0 -108.9 0.0 100.0 0.0
157.0 -109.9 0.0 100.0 0.0
157.5 -110.4 0.0 100.0 0.0
159.0 -111.9 0.0 100.0 0.0
160.0 -112.9 0.0 100.0 0.0
162.0 -114.9 0.0 100.0 0.0
163.0 -115.9 0.0 100.0 0.0
166.0 -118.9 0.0 100.0 0.0
167.0 -119.9 0.0 100.0 0.0
168.0 -120.9 0.0 100.0 0.0



















169.0 -121.9 0.0 100.0 0.0
169.5 -122.4 0.0 100.0 0.0
170.0 -122.9 0.0 100.0 0.0
171.0 -123.9 0.0 100.0 0.0
172.0 -124.9 0.0 100.0 0.0
173.0 -125.9 0.0 100.0 0.0
174.5 -127.4 0.0 100.0 0.0
175.5 -128.4 0.0 100.0 0.0
176.5 -129.4 0.0 100.0 0.0
177.5 -130.4 0.0 100.0 0.0
178.5 -131.4 0.0 100.0 0.0
179.0 -131.9 0.0 100.0 0.0
180.0 -132.9 0.0 88.1 11.9
181.0 -133.9 0.0 97.4 2.6
182.0 -134.9 0.0 82.1 17.9
183.0 -135.9 0.0 75.7 24.3
184.0 -136.9 0.0 70.5 29.5
185.0 -137.9 6.3 92.6 1.1
186.0 -138.9 0.0 75.9 24.1
187.0 -139.9 0.0 86.1 13.9
205.0 -157.9 0.0 95.6 4.4
CORE DH7a (elev. 47 m)
core 7A-911 0.0 0.8 99.2
depths 7A-912 0.0 84.1 15.9
not 7A-913 0.0 97.0 3.0
available 7A-914 1.1 98.9 0.0
7A-915 15.1 84.9 0.0
7A-916 13.1 86.4 0.5
7A-917 12.7 87.3 0.0
7A-918 18.8 81.2 0.0
7A-919 17.0 83.0 0.0
AMANAU QUARRY
Station 2
LSU 1-2/4 26.8 0.0 0.0 1.4 98.6
LSU 1-2/3 26.8
LSU 1-2/2b 26.8
LSU 1-2/1 a 26.2
Section 3
LSU 1-3/18 39.3 70.0 0.0 22.8 7.2
LSU 1-3/17 37.8 17.6 0.0 78.4 4.0
LSU 1-3/15 37.2 26.1 0.0 72.2 1.0
LSU 1-3/14 37.2 42.9 0.0 56.3 0.0
LSU 1-3/16 36.6 46.6 0.0 52.6 0.0
LSU 1-3/11 36.0 48.8 0.0 40.6 10.6
LSU 1-3/13 35.7 61.7 0.0 37.3 1.0
LSU 1-3/10 32.0 44.6 0.0 54.4 0.1
LSU 1-3/8 30.5 55.5 0.0 43.0 0.0
















LSU 1-3/6 29.9 72.8 0.0 25.5 1.6
LSU 1-3/5 28.0 34.1 0.0 63.9 1.9
LSU 1-3/3b 27.1 21.6 0.0 78.0 0.0
LSU 1-3/4a 26.8 1.8 0.0 78.6 19.6
LSU 1-3/1 25.6 45.2 0.0 52.6 2.2
Section 4
LSU 1-4/7 44.5 0.0 0.0 33.3 66.7
LSU 1-4/5 43.3 0.0 0.0 70.3 29.7
LSU 1-4/4b 42.3 0.0 0.0 76.7 23.3
LSU 1-4/3 41.1 14.7 0.0 79.3 6.1
LSU 1-4/2 40.4 5.0 0.0 85.5 9.5
LSU 1-4/1 40.2 3.3 0.0 94.2 1.8
Station 9
LSU 1-9/3 29.0 26.5 52.5 19.0 2.0
LSU 1-9/2 27.1 78.4 0.0 18.8 2.8











37.0 20.0 0.0 79.6 0.5
Quarry P9
P 9-1 34.0 0.0 0.0 17.0 83.0
P 9-2 34.0 0.0 0.0 6.0 94.0
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0.6 54.9 whole-rock 0.0 0.709048 0.000020 855 2.3110.31
5.2 50.3 whole-rock 0.0 0.709029 0.000008 1,843 2.9410.36
AMANAU QUARRY
LSU1-3/18 39.3 whole-rock 7.2 0.709075 0.000009 5,189 1.7610.16
LSU1-3/1 25.6 whole-rock 2.2 0.709063 0.000010 3,052 1.9110.15
QUARRY P5
P5-1 Tri 39.0 Tridacna shell 0.0 0.709027 0.000010 1,320 2.9910.33 1.197
QUARRY P11
P11-Cod 5 48.0 Codakia shell 0.0 0.709030 0.000012 1,897 2.9210.37 0.724
P11-1 Tri 48.0 Tridacna shell 0.0 0.709018 0.000011 1,206 4.1210.92 0.724
QUARRY LSU2
LSU2-WC 5b 38.0 mussel shell 0.0 0.709014 0.000010 2,237 4.1810.89 1.250
1 Normalized to NBS-987 = 0.710230.




























Core PB2 (elev. 37.50 m)
4.0 33.5 11.4 reversed good 1.006 1.590 46.633 5.20
8.0 29.5 58.3 reversed lair 0.057 0.703 35.373 3.64
11.0 26.5 0.075 1.125 34.381 4.44
12.0 25.5 -23.0 normal fair 0.029 0.485 13.931 5.60
13.0 24.5 41.0 reversed fair 0.272 0.393 22.933 2.82
16.0 21.5 67.7 reversed fair 0.037 0.661 9.585 4.80
21.0 16.5 -28.7 normal good 0.166 1.529 42.479 4.30
26.0 11.5 -35.5 normal good 0.242 2.860 130.506 5.40
29.5 8.0 -22.1 normal good 0.309 4.432 56.976 4.22
34.0 3.5 -80.0 normal fair 0.109 0.685 13.335 5.00
38.5 -1.0 -45.8 normal good 0.139 0.748 53.297 6.23
42.0 -4.5 36.6 reversed fair 0.021 0.152 6.115 5.98
46.5 -9.0 -12.2 normal fair 0.133 0.308 11.479 3.90
Core DH4 (elev. 34.20 m)
9.0 25.2 -37.5 normal good 0.060 0.134 6.305 2.92
10.0 24.2 13.0 reversed fair 0.054 0.182 7.775 4.02
11.0 23.2 14.0 reversed good 0.608 0.410 16.365 4.62
12.0 22.2 0.202 0.087 3.730 9.01
13.0 21.2 40.6 reversed good 0.453 0.649 54.775 4.56
14.0 20.2 16.1 reversed good 0.816 0.489 37.049 5.58
15.0 19.2 0.121 0.176 11.490 8.58
16.0 18.2 42.7 reversed good 0.083 0.091 4.188 7.50
17.0 17.2 56.8 reversed fair 0.015 0.047 1.381 5.71
18.0 16.2 53.2 reversed good 0.591 0.897 69.703 4.53
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Polarity Quality Remnant Magnetization Sample
(mA/m) Weight
Natural ARM Isothermal (9)
reversed fair 0.192 1.082 85.864 6.62
normal good 0.777 3.791 271.360 3.90
reversed good 0.299 1.156 89.630 4.95
0.034 0.096 3.782 4.47
reversed good 0.103 0.304 21.672 5.52
0.141 1.718 107.065 5.34
reversed fair 0.062 0.237 12.120 8.00
reversed fair 0.189 1.001 57.884 4.70
0.230 1.490 94.290 5.06
0.078 1.154 74.078 4.73
0.124 0.282 21.230 3.37
reversed fair 0.095 1.221 74.420 6.31
reversed fair 0.045 0.182 8.383 5.72
reversed fair 0.076 1.536 109.840 4.34
reversed good 0.088 0.343 24.212 3.70
0.021 0.120 5.810 4.40
0.006 0.138 5.756 4.04
reversed good 0.051 0.081 3.795 4.28
0.021 0.044 2.467 3.10
0.018 0.080 4.547 3.55
0.023 0.046 2.405 6.03
reversed good 0.161 0.135 5.620 6.12
0.080 0.370 20.619 5.33
0.021 0.083 3.540 4.07
0.035 0.095 4.465 6.82
0.013 0.089 3.959 2.57
reversed fair 0.176 0.265 12.250 3.74
0.012 0.181 7.604 3.84
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APPENDIX E. STABLE ISOTOPE VALUES OF WHOLE-ROCK SAMPLES, PURIFIED DOLOMITES,




Core Sample Elevation Initial Whole Rock Dolo mite CaC03 Fraction °!00 PDB
Depth Name Dolomite Vnn PDB ° /n n  PDB Meas ured1 Pred icted2
i?n) . (m) mole% 8,3C 8"0 8,3C I 81#0 813C I 81,0 813C 8uO
CORE PB1 (elev. 34.20 m)
4.0 38.2 100.0 2.51 2.78
5.5 39.7 96.9 3.03 2.92
7.0 41.2 96.7 2.23 2.92
8.0 42.2 97.5 2.47 2.78
9.5 43.7 0.4 -4.99 -4.19 -4.99 -4.19
10.5 44.7 0.0 -5.58 -5.55 -5.58 -5.55
11.5 45.7 0.0 -2.87 -4.49 -2.87 -4.49
12.5 46.7 0.0 -5.04 -4.83 -5.04 -4.83
13.0 13 fg 21.2 99.3 2.04 3.05
13.0 13 bio 21.2 99.2 2.79 2.78
14.0 48.2 0.0 -4.71 -4.22 -4.71 -4.22
15.0 49.2 0.0 -4.43 -4.35 -4.43 -4.35
16.0 50.2 0.4 -5.43 -4.63 -5.43 -4.63
19.5 53.7 99.3 1.19 3.35
28.4 62.6 99.0 2.15 2.87
30.5 64.7 100.0 1.90 2.85
34.0 68.2 100.0 1.94 2.87
35.0 69.2 99.0 2.44 2.70
36.5 70.7 99.7 2.95 3.39
37.5 71.7 100.0 3.02 3.50
38.5 72.7 100.0 2.30 3.47
39.6 73.8 100.0 2.52 2.74
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Initial Whole Rock Dolo mite CaCOsFraction 7oo PDB
Dolomite °/oo PDB 7 -  PDB Meas ured1 Pred icted2
mole% 8,3C 8 130 8,3C 8,#0 813C | 8 ,aO 8,3C 81bO
98.6 1.51 3.42 1.50 3.73
0.0 -4.22 -3.35 -4.22 -3.35
0.3 -4.14 -3.52 -4.14 -3.52
0.0 -0.33 -1.91 -0.33 -1.91
1.4 -0.29 -2.24 -0.29 -2.24
0.0 -0.39 -2.43 -0.39 -2.43
0.0 -1.94 -2.39 -1.94 -2.39




0.0 0.17 -1.02 0.17 -1.02
0.0 0.12 -2.54 0.12 -2.54
0.0 -0.05 -2.59 -0.05 -2.59
0.0 -0.01 -2.41 -0.01 -2.41
0.0 0.08 -2.35 0.08 -2.35
0.0 -0.20 -2.01 -0.20 -2.01
0.0 -0.36 -2.20 -0.36 -2.20
0.0 -0.22 -2.30 -0.22 -2.30
0.0 -0.43 -2.30 -0.43 -2.30
0.0 -0.57 -2.32 -0.57 -2.32
0.0 -0.93 -2.46 -0.93 -2.46
0.0 -0.93 -2.44 -0.93 -2.44
0.0 -0.69 -2.47 -0.69 -2.47
0.0 -0.91 -2.61 -0.91 -2.61
0.0 -0.45 -1.92 -0.45 -1.92
0.0 -0.67 -2.72 -0.67 -2.72
0.0 -0.67 -2.87 -0.67 -2.87
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Core Sample Elevation Initial Whole Rock Dolo mite CaC03 Fraction °/„  PDB
Depth Name Dolomite “C  PDB #/«  PDB Meas ured’ Pred icted2
(m) (<") mole% 5,3C I 8iaO 813C 8,80 8,3C 8,aO 8,3C 8iaO
130.5 -83.4 0.0 -1.85 -2.32 -1.85 -2.32
131.5 -84.4 0.0 -2.77 -2.48 -2.77 -2.48
132.5 -85.4 0.0 -1.49 -1.76 -1.49 -1.76
133.5 -86.4 0.0 -1.53 -1.84 -1.53 -1.84
134.5 -87.4 0.0 -1.48 -2.54 -1.48 -2.54
135.5 -88.4 0.0 -2.30 -2.73 -2.30 -2.73
136.5 -89.4 0.0 -1.50 -1.34 -1.50 -1.34
137.5 -90.4 0.0 -1.27 -1.57 -1.27 -1.57
138.5 -91.4 0.0 -1.52 -2.04 -1.52 -2.04
139.5 -92.4 0.0 -2.29 -2.33 -2.29 -2.33
140.5 -93.4 0.0 -0.70 -0.74 -0.70 -0.74
141.5 -94.4 0.0 -0.72 -0.73 -0.72 -0.73
142.5 -95.4 0.0 -0.36 -0.58 -0.36 -0.58
143.5 -96.4 0.0 -1.37 -1.71 -1.37 -1.71
144.5 -97.4 0.0 -1.90 -2.22 -1.90 -2.22
145.0 -97.9 0.0 -2.25 -2.81 -2.25 -2.81
146.0 -98.9 0.0 -1.84 -3.14 -1.84 -3.14
147.0 -99.9 0.0 -2.46 -2.75 -2.46 -2.75
148.0 -100.9 0.0 -1.84 -2.24 -1.84 -2.24
150.5 -103.4 0.0 -1.66 -2.46 -1.66 -2.46
151.0 -103.9 0.0 -0.97 -2.81 -0.97 -2.81
152.0 -104.9 0.0 -1.38 -3.74 -1.38 -3.74
154.0 -106.9 0.0 -1.31 -2.95 -1.31 -2.95
156.0 -108.9 0.0 -1.81 -3.56 -1.81 -3.56
157.0 -109.9 0.0 -1.00 -3.64 -1.00 -3.64
157.5 -110.4 0.0 -1.21 -2.81 -1.21 -2.81
159.0 -111.9 0.0 -1.28 -3.50 -1.28 -3.50
160.0 -112.9 0.0 -1.48 -3.59 -1.48 -3.59
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Core Sample Elevation Initial Whole Rock Dolo mite CaCOa Fraction 7 «  PDB
Depth Name Dolomite °/oo PDB °/oo PDB Meas ured1 Pred icted2
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CaC03 Fraction 7on PDB
Meas ured1 Pred icted2
813C 8uO 813C 8 " 0 813C 8uO 8 ,3C 8,#0
Quarry P9
P9-1 34.0 83.0 1.31 1.98 2 .6 6 2.49
P9-2 34.0 94.0 2.44 1.32 2.81 2.07
1 Measured stable isotope values of the CaC03 fraction are the same as the whole-rock values.
2 Stable isotope values of the CaCOs fraction in samples with significant amounts of co-existing dolomite were estimated
using the whole-rock and dolomite stable isotope values and the initial dolomite mole% (see text, section 5.3).
*o
APPENDIX F. STABLE ISOTOPE VALUES OF MODERN 
AND FOSSIL BIVALVES FROM NIUE ISLAND 











Codakia Niue, Quarry P11
P11-Cod 1 Plio-Pleist. 2.10 -0.77
P11-Cod 2 Plio-Pleist. 2.13 -0.63
P11-Cod 3 Plio-Pleist. 2.20 -0.82
P11-Cod 4 Plio-Pleist. 2.42 -0.66
P11 -Cod 5 Plio-Pleist. 2.32 -0.63
Tonga
Tonga Cod-1 modern 1.94 -0.94
Gafrarium Niue, Quarry P1
P1-Gaf 1 Plio-Pleist. 2.78 -0.87
Niue, Quarry P5
P5-Gaf 2 Plio-Pleist. 2.22 -0.78
P5-Gaf 3 Plio-Pleist. 2.48 -0.63
P5-Gaf 4 Plio-Pleist. 3.22 -0.85
P5-Gaf 5 Plio-Pleist. 1.97 -0.83
Tonga
Tonga Gaf 1 modem 0.35 -1.69
mussel Niue, Quarry LSU2
LSU2-WC 4a Plio-Pleist. -1.04 -0.83
LSU2-WC 4b Plio-Pleist. -0.99 -0.70
LSU2-WC 4c Plio-Pleist. -0.45 -0.60
LSU2-WC 5a Plio-Pleist. -0.67 -0.73
LSU2-WC 5b Plio-Pleist. -0.40 -0.71
LSU2-WC 5c Plio-Pleist. -0.41 -0.66
LSU2-WC 2 ligament Plio-Pleist. 0.90 -0.42
WC ligament-1 Plio-Pleist. 1.66 -0.50
WC ligament-2 Plio-Pleist. -0.01 -2.17
Tndacna Niue, Quarry P1
P1-5 Tri Plio-Pleist. 3.00 -0.57
Niue, Quarry P3
P3 Tri-1 Plio-Pleist. 2.46 0.12
Niue, Quarry P5
P5-1 Tri Plio-Pleist. 3.05 0.11
Niue, Quarry P11
P11-1 Tri Plio-Pleist. 3.08 -0.25
Niue, Quarry P40
P40-3 Tri Plio-Pleist. 3.35 0.44
Niue, fringing reef
Niue Tri 1 modem 1.72 -0.28











Niue Tri 2 modem 1.97 -0.70
Niue Tri 3 modern 1.86 -0.70
Tonga
Tonga Tri 1 Recent 2.21 -0.24
Tonga Tri 2 Recent 2.31 0.31
409

















APPENDIX G: ISOTOPE AND ELEMENTAL GEOCHEMISTRY OF PAIRED CaC03 
MATRIX AND CEMENT SAMPLES: MATRIX
Core Elev. MATRIX
Depth Sample Stable Isotopes1 Elemental Geochemistry1 87Sr/“ Sr
Name °/oo PDB Ca Mg Sr Mg/Ca Sr/Ca
(m) (m) 813C 8,30 wt.% wt.% ppm x 1 0 * x 1 0 3
CORE DH4
Meteoric Diagenetic Zone 11 
57.0 -22.8 57 porous -4.03 -2.56
62.0 -27.8 62 leached -4.96 -3.99












-3.82 99.2 0.7 311 11.6 0.37 0.709005
0.709032








•0.93 98.3 1.6 378 26.7 0.46











-1 .0 2 98.5 1.4 326 23.9 0.40
72.0 -37.8 72 matrix 

























Depth Sample Stable Isotopes1 Elemental Geochemistry1 *7Sr/**Sr
Name “U  PDB Ca Mg Sr I Mg/Ca Sr/Ca
(m) (m) 8 13C 5ieO wt.% wt.% ppm I x 1 0 3 x 10 3
73.0 -38.8 73 matrix 
73-1-m
-1.52 -1.41 
-1.46 -1.39 98.6 1.3 330 22.0 0.38




75.0 -40.8 75 matrix -1.08 -1.42
76.0 -41.8 76 matrix -0.41 -0.83
77.0 -42.8 77 white matrix -0.16 -0.31
78.0 -43.8 78 matrix 0.11 -0.13






Diagenetic Zone 9 








95.0 -60.8 95 matrix -2.55 -2.87





















Depth Sample Stable Isotopes1 Elemental Geochemistry1 87Sr/**Sr
Name °/co PDB Ca Mg Sr Mg/Ca Sr/Ca
(m) (m) 813C 8 " 0 wt.% wt.% ppm x 1 0 3 x 1 0 3
97.0 -62.8 97 upper matrix 


























98.0 -63.8 98 upper matrix 














98.9 0.9 640 15.0 0.78






103.0 -68.8 103 porous matrix -0.80 -2.19
103 less porous matrix -0.46 -1.70
CORE DH5
Meteoric Diagenetic Zone 10
89.0 -55.4
Meteoric Diagenetic Zone 7
134.0 -100.4 134 matrix -0.77 -2.91
138.0 -104.4 138 chalky -0.61 -2.40


















Depth Sample Stable Isotopes1 Elemental Geochemistry1 *7Sr/“ Sr
Name %» PDB Ca Mg Sr MgfCa Sr/Ca
lm) (m) 813C 8uO wt.% wt.% ppm x 1 0 3 x 10 3
143.0 -109.4 143 chalky -0.34 -2.32
CORE DH7
Meteoric Diagenetic Zone 9 
101.5 -54.4 101.5-1-m -1.76 -2.11 98.8 1.1 378 19.1 0.45
102.0 -54.9 102-1-m -1.36 -1.73 98.6 1.3 333 24.2 0.42
102.5 -55.4 102.5-1-m 0.00 -1.76 98.5 1.4 691 23.0 0.82
Meteoric Diagenetic Zone 7 











-0.40 98.2 1.7 354 29.1 0.41






130.0 -82.9 130 matrix -1.65 -3.41
Meteoric Diagenetic Zone 6 
131.5 -84.4 131.5 matrix -2.92 -1.92
132.5 -85.4 132.5 matrix -1.17 -0.93



















Depth Sample Stable Isotopes1 Elemental Geochemistry1 87Sr/“ Sr
Name °'oo PDB Ca Mg Sr I Mg/Ca Sr/Ca
(m) (m) S,3C 51'0 wt.% wt.% ppm I x 103 xIO 3





-0.88 98.3 1.6 323 26.6 0.39
134.5 -87.4 134.5 matrix 1







-1.00 98.4 1.5 367 24.6 0.41
135.5 -88.4 135.5 matrix -3.05 -2.50





-1.12 98.6 1.3 346 22.2 0.39
137.5 -90.4 137.5 matrix -0.80 -1.20
138.0 -90.9 138-1-m -1.06 -1.22 98.5 1.4 336 23.5 0.39
138.5 -91.4 138.5 matrix -1.76 -1.42





-0.84 98.6 1.3 354 21.5 0.41
140.5 -93.4 140.5 light matrix -0.69 -0.58
141.0 -93.9 141.0 light matrix -0.62 -0.54
’W here multiple samples w ere collected from a  single horizon, the bolded values are considered to be the 

















APPENDIX G: ISOTOPE AND ELEMENTAL GEOCHEMISTRY OF PAIRED CaCO, 
MATRIX AND CEMENT SAMPLES: CEMENT
Core Elev. CEMENT
Depth Sample Stable Isotopes1 Elemental Geochemistry1 <7Sr/**Sr
Name °/oo PDB Ca Mg Sr Mg/Ca Sr/Ca
(m) (m) 613C 8uO wt.% wt.% ppm x 103 x 103
CORE DH4
Meteoric Diagenetic Zone 11 
57.0 -22.8 57 dense -5.14 -3.26






































-2.24 98.5 1.3 966 21.5 1.14







































72.0 -37.8 72 cement -1.48 -2.77
72 cement 1 -1.08 -2.69
72 cement 2 -0.85 -2.56
72 cement 3 -1.15 -2.88
72 cement 4 -1.16 -2.99
72 cement 5 -1.42 -2.95
72-1-c -1.55 -3.37
73.0 -38.8 73 cement -1.94 -3.23
73-1-c -2.17 -3.09
74.0 -39.8 74 cement -1.40 -2.69
74 cement 1 -0.91 -2.39
74 cement2 -0.31 -1.23
75.0 -40.8 75 cement -1.68 -2.87
76.0 -41.8 76 cement 1 -0.42 -1.17
76 cement 2 -1.12 -2.57
77.0 -42.8 77 gray matrix -0.37 -2.21




































Depth Sample Stable Isotopes1 Elemental Geochemistry1 ,7Sr/“ Sr
Name 7m, PDB Ca Mg Sr Mg/Ca Sr/Ca
(m) (m) 513C 8uO wt.% wt.% ppm xIO 3 x 103
Meteoric Diagenetic Zone 9  
93.0 -58.8 none
94.0 -59.8 94 cement -3.99 -4.09
95.0 -60.8 95 cement -3.88 -3.97
96.0 -61.8 none
97.0 -62.8 97 upper cement -3.85 -5.39
97 lower cement -4.94 -5.53
97 cement 1 -4.69 -4.85
97 cement 2 -4.50 -4.89
97-3-c -3.73 -4.97
97-4-c -4.56 -5.58
98.0 -63.8 98 upper cement -3.45 -5.13
98 lower cement -1.35 -4.49
98 cement 1 1.41 -2.40












































Depth Sample Stable Isotopes’ Elemental Geochemistry1 87Sr/®*Sr
Name ° l'00 PDB Ca Mg Sr Mg/Ca Sr/Ca
(m) (m) 813C ^•o wt.% wt.% ppm x 103 x 103
CORE DH5
Meteoric Diagenetic Zone 10 
89.0 -55.4 89 dark dense -3.47 -3.55
Meteoric
134.0
Diagenetic Zone 7 
-100.4 134 dark dense 0.28 -3.04
138.0 -104.4 138 dense -0.25 -2.91
141.0 -107.4 141 cement -0.42 -3.11
143.0 -109.4 143 dense -0.03 -3.07
CORE DH7
Meteoric Diagenetic Zone 9 
101.5 -54.4 101.5-1-c -2.31 -3.74 99.0 0.9 348 15.2 0.42
102.0 -54.9 102-1-c -4.90 -5.75 99.5 0.3 805 4.7 0.94
102.5 -55.4 102.5-1-c -3.20 -3.63 99.2 0.7 441 11.9 0.49
Meteoric
127.0
Diagenetic Zone 7 
-79.9 none


















Depth Sample Stable Isotopes1 Elemental Geoc fiemistry’ ,7Sr/“ Sr
Name °/oo PDB Ca Mg Sr Mg/Ca Sr/Ca






















Meteoric Diagenetic Zone 6 
131.5 -84.4 131.5 cement -2.93 -3.65
132.5 -85.4 132.5 cement -2.62 -3.28
133.5 -86.4 133.5 cement 1







-3.18 99.2 0.7 528 11.2 0.60
134.5 -87.4 134.5 cement 1







-3.01 99.0 0.8 698 13.3 0.80
135.5 -88.4 135.5 cement -3.98 -3.81























Depth Sample Stable Isotopes1 Elemental Geochemistry1 ®7Sr/*6Sr
Name °/oo PDB Ca Mg Sr Mg/Ca Sr/Ca
(m) (m) 813C 8,aO wt.% wt.% ppm xIO 3 x 103
137.5 -90.4 137.5 cement -3.61 -3.66
138.0 -90.9 138-1-c -1.39 -2.60 98.6 1.3 406 21.8 0.45
138.5 -91.4 138.5 dark matrix -3.09 -3.47





-2.58 99.4 0.5 383 8.7 0.43
140.5 -93.4 140.5 dark matrix -2.46 -3.24
141.0 -93.9 141.0 dark matrix -1.88 -3.63
'W h ere  multiple samples w ere collected from a  single horizon, the bolded values are considered to be the 
most representive of pristine cem ent values.
APPENDIX H. ELEMENTAL GEOCHEMISTRY 
OF THE CaCO, FRACTION
Core Elevation Initial Elemental Concentrations Molar Ratios
Depth Dolomite Ca Mg Sr [Mg/Ca] [Sr/Ca]
(m) (m) mole% (wt. %) (wt. %) (ppm) x103 x103
Core DH4 (elev. 34.20 m)
9.0 25.2 0.6 98.8 1.0 900 16.8 1.09
10.0 24.2 0.0 98.8 0.7 1,801 12.1 2.20
11.0 23.2 0.0 98.5 1.3 587 22.4 0.72
12.0 22.2 0.0 98.8 1.1 327 18.5 0.40
13.0 21.2 99.3
14.0 20.2 0.0 98.6 1.3 406 22.3 0.49
15.0 19.2 0.0 98.7 1.0 1,048 16.9 1.25
16.0 18.2 0.0 99.3 0.7 234 11.4 0.28


























































57.0 -22.8 0.0 99.0 1.0 283 15.8 0.34
58.0 -23.8 0.0 99.2 0.7 184 12.3 0.22
62.0 -27.8 0.0 99.3 0.6 145 10.8 0.18
67.5 -33.3 0.0 99.2 0.7 312 12.2 0.38
68.5 -34.3 0.0 98.4 1.5 388 24.6 0.47
69.0 -34.8 0.0 98.6 1.3 571 21.2 0.70
71.0 -36.8 0.0 98.4 1.5 363 25.1 0.44
72.0 -37.8 0.0 98.5 1.4 368 23.4 0.45
73.0 -38.8 0.0 98.6 1.4 339 22.7 0.41
74.0 -39.8 0.0 98.4 1.5 366 25.5 0.45
75.0 -40.8 0.0 98.2 1.7 423 28.0 0.51
76.0 -41.8 0.0 98.3 1.5 451 25.9 0.55
77.0 -42.8 0.0 98.5 1.4 484 23.4 0.60
78.0 -43.8 0.0 98.2 1.7 317 29.0 0.39
79.0 -44.8 0.0 97.8 2.1 355 35.3 0.43
80.0 -45.8 0.0 98.0 2.0 332 33.0 0.41
81.0 -46.8 0.0 98.2 1.7 353 28.5 0.43
82.0 -47.8 0.0 98.6 1.3 350 21.7 0.43
83.0 •48.8 0.0 98.7 1.2 358 20.8 0.44
84.0 •49.8 0.0 98.7 1.2 359 20.1 0.44
85.0 -50.8 0.0 98.5 1.4 374 24.3 0.46
86.0 -51.8 0.0 98.3 1.5 816 24.8 0.99
87.0 -52.8 0.0 98.3 1.6 417 26.0 0.51
88.0 -53.8 0.0 98.4 1.5 396 25.1 0.48
91.0 -56.8 0.0 98.4 1.5 328 25.2 0.40
93.0 -58.8 0.0 98.4 1.5 306 25.8 0.37
94.0 -59.8 0.0 99.4 0.6 241 9.6 0.29
95.0 -60.8 0.0 99.4 0.6 173 9.4 0.21
96.0 -61.8 0.0 99.3 0.7 173 10.9 0.21
97.0 -62.8 0.0 99.4 0.6 196 9.4 0.24
98.0 -63.8 0.0 99.0 0.8 661 13.8 0.81
101.0 •66.8 0.0 98.8 0.9 1,239 15.4 1.50
103.0 -68.8 0.0 98.7 0.9 1,412 15.6 1.71
104.0 -69.8 0.0 98.6 1.0 1,539 16.0 1.86
107.0 -72.8 0.0 98.6 1.1 1,394 17.7 1.70
110.0 -75.8 0.0 98.5 1.1 1,794 17.8 2.21
112.0 -77.8 0.0 98.8 0.9 1,066 15.1 1.31
113.0 -78.8 0.0 99.0 0.8 834 13.3 1.02
114.0 -79.8 0.0 98.8 1.0 943 16.3 1.15
115.0 -80.8 0.0 99.0 0.8 785 14.0 0.96
116.0 •81.8 0.0 98.9 0.8 985 13.9 1.21
117.0 •82.8 0.0 98.9 0.9 886 14.3 1.09




















118.0 -83.8 0.0 98.9 0.9 809 14.3 0.99
119.0 -84.8 0.0 99.0 0.8 716 13.7 0.87
120.0 -85.8 0.0 98.9 0.9 766 14.8 0.93
122.0 -87.8 0.0 98.9 0.8 1,121 13.3 1.38
123.0 •88.8 0.0 99.0 0.8 1,050 12.5 1.28
124.0 -89.8 0.0 98.9 0.8 1,148 13.1 1.38
125.0 •90.8 0.0 98.4 1.2 1,396 20.2 1.70
126.0 -91.8 0.0 98.9 0.9 669 15.7 0.82
136.5 -102.3 0.0 99.0 0.9 705 14.3 0.86
139.0 -104.8 0.0 98.9 0.8 952 14.0 1.16
140.0 -105.8 0.0 98.5 1.3 819 21.1 0.99
142.0 -107.8 0.0 98.7 1.0 843 17.2 1.03
150.0 -115.8 0.0 99.0 0.9 589 14.9 0.72
154.0 -119.8 0.0 99.0 0.9 447 14.3 0.54
169.0 -134.8 0.0 99.0 0.8 535 13.7 0.66
179.0 -144.8 0.0 98.8 0.8 1,283 13.7 1.57
182.0 -147.8 0.0 98.8 0.9 1,067 15.0 1.27
198.0 -163.8 54.6 15.0 1.57
199.0 -164.8 25.1 26.7 1.48
200.5 -166.3 11.3 33.1 1.38
201.0 -166.8 7.1 33.4 1.37
202.0 -167.8 1.4 34.0 1.27
204.0 -169.8 0.0 97.9 1.8 1,032 30.7 1.27
207.0 -172.8 6.7 35.9 1.38
208.0 -173.8 0.0 97.7 2.0 1,113 33.2 1.36
209.0 -174.8 0.0 97.8 1.9 961 32.1 1.19
210.0 -175.8 7.8 29.6 1.27
211.0 -176.8 31.6 47.4 1.16
212.0 -177.8 11.2 30.5 1.21
213.0 -178.8 30.5 32.6 1.37





220.0 -185.8 46.3 18.2 1.15
223.0 -188.8 50.8 3.3 1.08
230.0 -195.8 22.3 28.9 1.23
231.0 -196.8 36.2 24.3 1.19
232.0 -197.8 29.8
233.0 -198.8 23.1





































































































































































Core D H 5 (elev. 33.62 m) 
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Core Elevation Initial Elemental Concentrations Molar Ratios
Depth Dolomite Ca Mg Sr [Mg/Ca] [Sr/Ca]
(m) (m) mole% (wt. %) (wt. %) (ppm) x10* x103
188.0 -154.4 0.0 98.9 0.9 760 15.3 0.92
Core DH7 (elev. 47.15 m)
101.0 -53.9 0.0 98.9 1.0 359 16.1 0.43
102.0 -54.9 0.0 99.0 0.9 372 15.1 0.43
103.0 -55.9 0.0 98.9 0.9 746 14.5 0.88
104.0 -56.9 0.0 98.5 1.3 668 21.8 0.80
105.5 -58.4 0.0 98.6 1.2 864 20.3 1.02
106.0 -58.9 0.0 98.5 1.3 733 21.9 0.87
107.0 -59.9 0.0 98.4 1.4 563 23.6 0.67
108.5 -61.4 0.0 98.4 1.5 506 24.5 0.60
109.5 -62.4 0.0 98.7 1.1 793 18.5 0.93
111.0 -63.9 0.0 98.6 1.2 782 19.8 0.93
112.0 -64.9 0.0 98.4 1.5 439 25.5 0.52
113.0 -65.9 0.0 98.5 1.3 725 22.2 0.86
114.0 -66.9 0.0 98.4 1.5 481 24.3 0.57
115.5 -68.4 0.0 98.4 1.5 451 25.1 0.53
116.5 -69.4 0.0 98.1 1.8 449 29.9 0.53
117.5 -70.4 0.0 98.2 1.7 419 29.0 0.49
118.5 -71.4 0.0 98.1 1.8 362 30.5 0.43
119.5 -72.4 0.0 98.8 1.1 270 18.2 0.32
120.0 -72.9 0.0 98.7 1.2 351 20.0 0.41
121.0 -73.9 0.0 98.3 1.6 390 26.8 0.46
122.0 -74.9 0.0 98.4 1.5 406 24.5 0.48
123.0 -75.9 0.0 98.4 1.5 558 24.3 0.66
124.0 -76.9 0.0 98.4 1.4 544 24.2 0.65
125.5 -78.4 0.0 98.5 1.4 587 23.1 0.69
126.0 -78.9 0.0 98.4 1.5 468 24.4 0.55
127.0 -79.9 0.0 98.3 1.6 417 27.0 0.49
128.5 -81.4 0.0 98.3 1.6 334 26.4 0.40
129.5 -82.4 0.0 98.5 1.4 361 24.1 0.42
130.5 -83.4 0.0 98.6 1.3 388 21.8 0.46
131.5 -84.4 0.0 98.8 1.1 290 18.8 0.34
132.5 -85.4 0.0 98.5 1.4 365 24.1 0.43
133.5 -86.4 0.0 98.6 1.3 411 21.9 0.49
134.5 -87.4 0.0 98.9 1.0 541 16.5 0.64
135.5 -88.4 0.0 98.8 1.1 379 18.3 0.45
136.5 -89.4 0.0 98.7 1.2 320 20.8 0.38
137.5 -90.4 0.0 98.6 1.3 349 22.2 0.41
138.5 -91.4 0.0 98.8 1.1 371 18.5 0.43
139.5 -92.4 0.0 99.1 0.9 373 14.2 0.44
140.5 -93.4 0.0 98.4 1.6 330 26.0 0.40
141.5 -94.4 0.0 98.4 1.5 353 25.7 0.42
142.5 -95.4 0.0 98.2 1.7 335 28.0 0.41
143.5 -96.4 0.0 98.6 1.3 333 21.8 0.40
144.5 -97.4 0.0 98.8 1.1 299 18.7 0.36
145.0 -97.9 0.0 98.8 1.1 324 17.9 0.39
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Core Elevation Initial Elemental Concentrations Molar Ratios
Depth Dolomite Ca Mg Sr [Mg/Ca] [Sr/Ca]
(m) (m) mole% (wt. %) (wt. %) (ppm) x103 x103
146.0 -98.9 0.0 98.7 1.2 364 20.6 0.44
147.0 -99.9 0.0 99.0 1.0 280 15.9 0.33
148.0 -100.9 0.0 98.9 0.9 431 15.6 0.52
150.5 -103.4 0.0 99.0 0.9 685 14.4 0.80
151.0 -103.9 0.0 98.7 1.1 948 18.2 1.13
152.0 -104.9 0.0 98.7 1.0 989 17.3 1.18
154.0 -106.9 0.0 98.7 1.0 848 17.3 1.01
156.0 -108.9 0.0 98.8 1.0 934 16.1 1.11
157.0 -109.9 0.0 98.7 1.0 1,269 16.1 1.51
157.5 -110.4 0.0 98.7 1.1 614 18.3 0.73
159.0 -111.9 0.0 99.0 0.8 678 13.0 0.81
160.0 -112.9 0.0 99.1 0.8 621 13.1 0.74
162.0 -114.9 0.0 98.6 1.2 689 20.2 0.85
163.0 -115.9 0.0 98.6 1.2 723 20.5 0.85
166.0 -118.9 0.0 98.8 1.0 958 16.2 1.16
167.0 -119.9 0.0 98.4 1.4 802 22.6 0.96
168.0 -120.9 0.0 98.6 1.2 782 20.1 0.94
169.0 -121.9 0.0 98.5 1.3 678 22.1 0.83
169.5 -122.4 0.0
170.0 -122.9 0.0 98.5 1.2 1,133 20.0 1.37
171.0 -123.9 0.0 98.5 1.3 924 21.0 1.12
172.0 -124.9 0.0 98.5 1.3 870 21.7 1.07
173.0 -125.9 0.0 98.6 1.2 770 20.3 0.93
174.5 -127.4 0.0 98.6 1.2 752 20.8 0.92
175.5 -128.4 0.0 98.5 1.3 763 21.9 0.94
176.5 -129.4 0.0 98.6 1.2 828 20.6 1.00
177.5 -130.4 0.0 98.5 1.3 822 21.5 1.00
178.5 -131.4 0.0 98.5 1.2 892 20.5 1.09
179.0 -131.9 0.0 98.2 1.5 990 25.1 1.20
180.0 -132.9 11.9
181.0 -133.9 2.6 97.8 2.0 878 33.2 1.05
182.0 -134.9 17.9
183.0 -135.9 24.3
184.0 -136.9 29.5 24.9 0.99
185.0 -137.9 1.1 97.4 2.4 844 39.9 1.01
186.0 •138.9 24.1
187.0 -139.9 13.9
205.0 -157.9 4.4 97.3 2.4 1,016 40.5 1.24
426
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APPENDIX I. WHOLE-ROCK INSOLUBLE RESIDUE ABUNDANCE 

















Core PB1 (elev. 34.20 m)
5.5 28.7 96.9 11.1
8.0 26.2 97.5 8.3
10.5 23.7 0.0 1.5
13.0 13 fg 21.2 99.3 5.0
15.0 19.2 0.0 1.3
Core PB2 (elev. 37.50 m)
8.0 29.5 100.0 14.8
12.0 25.5 0.5 2.8
13.5 24.0 0.0 2.8
17.5 20.0 99.2 9.8
25.0 25 top 12.5 99.4 8.1
31.0 6.5 96.2 6.7
37.5 0.0 37.0 4.3
46.9 -9.4 100.0 5.3
Core DH4 (elev. 34.20 m)
9.0 25.2 0.6 0.17 -24.2 2.0
10.0 24.2 0.0 0.09 1.7
11.0 23.2 0.0 0.05
12.0 22.2 0.0 0.08 2.7
13.0 21.2 99.3 0.08 7.0
14.0 20.2 0.0 0.09
15.0 19.2 0.0 0.04 1.5
16.0 18.2 0.0 0.06
17.0 17.2 0.8 0.16 3.7
18.0 16.2 100.0 0.11 -26.0
19.0 15.2 100.0 0.06 5.4
20.0 14.2 100.0 0.05
21.0 13.2 98.8 0.07
22.0 12.2 99.3 0.06
23.0 11.2 99.1 0.09 12.5
24.0 10.2 79.0 0.14 -21.7
25.0 9.2 100.0 0.06 -19.4
26.0 8.2 100.0 0.05 -22.3 9.7
27.0 7.2 98.2 0.13 -24.6
28.0 6.2 74.9 0.11 6.4
29.0 5.2 99.4 0.08
30.0 4.2 99.0 0.05 -20.4 9.3
31.0 3.2 0.0 0.05 2.5
32.0 2.2 99.4 0.14 8.9
33.0 1.2 100.0 0.07
















° U  PDB
34.0 0.2 100.0 0.09 -21.7
36.0 -1.8 100.0 0.09 7.7
37.0 -2.8 100.0 0.11 8.1
38.0 -3.8 100.0 0.09
39.0 -4.8 100.0 0.09 -25.4 9.5
40.0 -5.8 100.0 0.02
41.0 -6.8 99.7 0.06
42.0 -7.8 100.0 0.05 4.2
43.0 -8.8 100.0 0.04 -24.7
44.0 -9.8 100.0 0.07
46.0 -12.8 99.3 0.04
47.0 -13.8 100.0 0.05 -23.0 6.2
48.0 -14.8 100.0 4.6
49.0 -15.8 100.0 0.05
50.0 -16.8 100.0 0.06 -24.4 5.2
51.0 -17.8 100.0 0.04
52.0 -18.8 100.0 0.12 3.4
53.0 -19.8 100.0 0.10 -20.2
54.0 -20.8 100.0 0.02
55.0 -21.8 100.0 0.01 -22.6 3.2
56.0 -22.8 99.5 0.05 -23.1 2.5
57.0 -23.8 0.0 0.03 1.0
58.0 -24.8 0.0 0.05 -23.8 0.5
62.0 -27.8 0.0 0.09 0.5
67.5 -33.3 0.0 0.05 -24.0 1.5
68.5 -34.3 0.0 0.04
69.0 -34.8 0.0 0.04 -23.7 2.9
71.0 -36.8 0.0 0.04 -22.9 2.4
72.0 -37.8 0.0 0.03 -22.3
73.0 -38.8 0.0 0.05 1.3
74.0 -39.8 0.0 0.02 -22.6
75.0 -40.8 0.0 0.06 2.1
76.0 -41.8 0.0 0.02
77.0 -42.8 0.0 0.04 -24.2 2.3
78.0 -43.8 0.0 0.03 -23.1
79.0 -44.8 0.0 0.05 2.8
80.0 -45.8 0.0 0.04 -23.6 3.2
81.0 -46.8 0.0 0.03
82.0 -47.8 0.0 0.09 -23.1
83.0 •48.8 0.0 0.02 -23.8
84.0 -49.8 0.0 0.03 -23.5
85.0 -50.8 0.0 0.03 2.4
86.0 -51.8 0.0 0.04 -23.4
87.0 •52.8 0.0 0.13 -24.5
88.0 -53.8 0.0 0.11 -24.9 1.6
91.0 -56.8 0.0 0.03
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93.0 -58.8 0.0 0.20 -24.0 2.3
94.0 -59.8 0.0 0.04 -26.0 1.9
95.0 -60.8 0.0 0.06
96.0 -61.8 0.0 0.36 -24.3 0.7
97.0 -62.8 0.0 0.47 -24.8
98.0 -63.8 0.0 0.47 -23.7 3.8
101.0 •66.8 0.0 0.07 -17.8 2.1
103.0 -68.8 0.0 0.06 -19.5 2.3
104.0 •69.8 0.0 0.11
107.0 -72.8 0.0 0.07 -19.6 3.4
110.0 -75.8 0.0 0.06 -21.5 2.5
112.0 -77.8 0.0 0.10 -20.0 9.9
113.0 -78.8 0.0 0.11 -23.6
114.0 -79.8 0.0 0.06 -26.7 5.4
115.0 -80.8 0.0 0.36 -23.4
116.0 -81.8 0.0 0.10
117.0 -82.8 0.0 0.08 -21.1 2.5
118.0 -83.8 0.0 0.11 -24.2 2.2
119.0 -84.8 0.0 0.20 -23.5
120.0 -85.8 0.0 0.04 -24.8 2.4
122.0 -87.8 0.0 0.08 -23.2
123.0 •88.8 0.0 0.10 -23.1
124.0 -89.8 0.0 0.11 -22.5
125.0 -90.8 0.0 0.16 -23.3 1.6
126.0 -91.8 0.0 0.17 -24.7
136.5 -102.3 0.0 0.02 -23.3 2.1
139.0 -104.8 0.0 0.04
140.0 -105.8 0.0 0.13 -24.7 2.3
142.0 -107.8 0.0 0.07 -24.0
150.0 -115.8 0.0 0.06 -21.9 3.5
154.0 -119.8 0.0 0.25 -24.2 3.5
169.0 -134.8 0.0 0.03 6.6
179.0 -144.8 0.0 0.05 -23.6 2.6
182.0 -147.8 0.0 0.11 -22.6 3.1
198.0 -163.8 54.6 0.05 -23.2 2.0
199.0 -164.8 25.1 0.09 -24.1 2.1
200.5 -166.3 11.3 0.03 -26.5
201.0 -166.8 7.1 0.06 -24.7
202.0 -167.8 1.4 0.07 -17.9
204.0 -169.8 0.0 0.07 -22.1 2.3
207.0 -172.8 6.7 0.07 -22.1
208.0 -173.8 0.0 0.07 -23.1
209.0 -174.8 0.0 0.08 -19.7 2.6
210.0 -175.8 7.8 0.05 -22.3
211.0 -176.8 31.6 0.07 -18.9
212.0 -177.8 11.2 0.11 -22.9
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213.0 -178.8 30.5 0.10 -19.2 2.8
214.0 -179.8 18.9 0.13 -18.4
215.0 -180.8 99.3 0.05 -22.2
216.0 -181.8 100.0 0.06 -22.1 2.7
218.0 -183.8 99.3 0.24 -24.5 2.3
219.0 -184.8 100.0 0.05 -26.8 3.0
220.0 -185.8 46.3 0.04 -18.5 2.1
223.0 -188.8 50.8 0.06 -19.0
230.0 -195.8 22.3 0.07 -17.3 3.4
231.0 -196.8 36.2 0.05 -17.9
232.0 -197.8 29.8 0.07 -21.5 3.7
233.0 -198.8 23.1 0.09 -17.1
235.0 -200.8 2.5 0.07 -19.0 3.3
236.0 -201.8 16.5 0.08 -18.5
237.0 -202.8 22.5 0.06 -18.0
238.0 -203.8 19.7 0.06 -17.2
239.0 -204.8 12.8 0.21 -18.7 4.2
240.0 -205.8 15.2 0.11 -19.1
242.0 -207.8 41.4 0.14 -20.6 4.1
243.0 -208.8 20.4 0.08 -19.7
244.0 -209.8 20.0 0.10 -19.3 4.0
245.0 -210.8 31.9 0.10 -20.4
246.0 -211.8 63.0 0.17 -21.8 2.6
247.0 -212.8 51.5 0.13 -23.9
248.0 -213.8 24.0 0.15 -21.0
250.0 -215.8 30.2 0.14 -19.5 3.7
252.0 -217.8 21.1 0.15 -19.6
254.0 -219.8 5.0 0.16 -17.7 0.5
255.0 -220.8 4.7 0.10 -20.3
257.0 -222.8 15.8 0.12 -16.5 4.4
258.0 -223.8 11.0 0.07 -18.3
260.0 -225.8 12.5 0.07 -19.4
261.0 -226.8 16.4 0.11 -18.3 5.2
264.0 -229.8 16.4 0.06 -17.3 8.3
266.0 -231.8 2.4 0.11 -19.8 3.2
267.0 -232.8 14.5 0.13 -21.6
268.0 -233.8 2.7 0.18 -26.7 3.6
269.0 -234.8 1.1 0.15 -24.3
270.0 -235.8 20.4 0.06 -19.0 2.9
271.0 -236.8 99.1 0.14 -22.2 2.7
272.0 -237.8 63.0 0.10 •22.8 3.9
275.0 -240.8 29.6 0.15 -25.1
276.0 -241.8 36.9 0.14 -21.1 2.9
277.0 -242.8 100.0 0.19 -25.4
278.0 -243.8 99.2 0.09 -21.5 4.7
282.0 -247.8 20.2 0.12 -21.0 3.7

















284.0 -249.8 35.1 0.16 -23.3
285.0 -250.8 35.5 0.11 -21.7
290.0 -255.8 98.3 0.12 -22.6 3.2
293.0 -258.8 49.7 0.14 -20.2
294.5 -260.3 16.0 0.07 -21.0
295.0 -260.8 14.1 0.09 -22.4 3.5
296.0 -261.8 3.9 0.19 -20.6
297.0 -262.8 4.2 0.06 -21.9 2.7
298.0 -263.8 4.1 0.10 -22.4
299.0 -264.8 34.8 0.09 -22.2
300.0 -265.8 43.9 0.10 -21.6 2.7
301.0 -266.8 14.2 0.16 -20.0
303.0 •268.8 10.5 0.15 -20.4
Core DH5 (elev. 33.62 m)
88.0 -54.4 0.0 0.7
92.0 -58 .4 0.0 3.1
94.0 -60.4 0.0 2.3
100.0 -66.4 0.6 2.4
101.0 -67.4 3.3 1.1
102.5 -68.9 7.2 1.7
105.0 -71.4 0.0 5.2
107.0 -73.4 0.0 2.6
109.0 -75.4 0.0 1.4
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APPENDIX J. GEOCHEMISTRY OF NIUE GROUNDWATERS
Introduction
Nineteen water samples were collected from water supply wells around Niue Island. 
Communities on Niue Island are generally located on the Alofi Terrace or the adjacent Mutalau 
ridge, so most water wells are sited on the ridge and the upper slope of the Mutalau basin. The 
interior is reserved for agricultural and conservation purposes and has few wells. Accordingly, 17 
of the well water samples are from locations within 3 km of the coast and two are from the interior. 
The water wells typically extend only a  few meters below the water table, so all samples represent 
the upper portion of the meteoric lens.
Three water samples (Limu Reef 1-3) were collected from brackish springs in the Limu Reef 
Pools on Niue’s NW coast (spring L in Fig. 3.1). The Limu Reef Pools are a  30 m-long chain of 
three brackish water pools that extend from the base of the seacliff across a karsted limestone 
surface to a constricted junction with the modem reef flat. An additional water sample (Limu Reef 
4) was taken from the pool closest to the reef flat.
Two seawater samples were collected from opposite sides of Niue. The Alofi sample was 
taken from the reef front at the Alofi Wharf, whereas the Tautu sample is from the reef flat near Liku 
on the east coast.
Methods
The rainwater was sampled about 15 minutes into a heavy rain. All storage vessels had been 
chemically cleaned prior to use. Wells were allowed to flow for a minute before sampling, then the 
bottles were rinsed repeatedly with the water before collection. Duplicates were taken of each 
sample; a few grains of HgCI were added to one to halt bacterial activity and preserve the original 
C 0 2 signature, while a few drops of 1 N H N 0 3 were added to the other to maintain a low pH. 
Temperature and, in the brackish and seawater samples, salinity were measured in the field.
Aikalinities were determined by titration and the pH was measured in the laboratory. Dissolved 
inorganic carbon (DIC), S^Cq c  and 5180  were measured on the HgCI-preserved samples on a
432
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Nuclide mass spectrometer following the microextraction method of Graber and Aharon (1991). 
Chemical analyses were conducted on the acidized water samples and the brackish and seawater 
samples were diluted prior to analysis. Cation (Ca, Mg, Sr, Na, Cu, Fe, K, Mn, Zn) concentrations 
were measured on a Perkins-Elmer ICP-AES and anion (Cl', Br, P 0 4'2, S 0 4'2) concentrations were 
measured on a  Dionex ion chromatograph, both at the LSU Department of Agronomy.
Results
In the well water samples, chlorinities are low, with a mean of 14±8 mg/L (Appendix J). Ca and 
Mg concentrations (54±7 and 13±5 mg/L, respectively) show little variability. The mean Mg/Ca 
molar ratio is 0.49±0.19.
Chlorinities of the three spring samples (7113±245 mg/L) indicate that the samples are 37%  
seawater, whereas the chlorinity of the distal sample (12,903 mg/L) indicates a 67%  content that is 
consistent with seawater mixing near the reef flat. Ca and Mg concentrations of the spring samples 
(190±6 and 471±12 mg/L, respectively) are also lower than in the distal sample (290 and 846  
mg/L). The Mg/Ca molar ratios of the spring and distal samples are 4.08±0.02 and 4.80, 
respectively.
In the seawater samples, the Ca and Mg concentrations (384±2 and 1190±4 mg/L, 
respectively) are slightly lower than mean seawater (411 and 1290 mg/L, respectively; Drever 
1982) and may reflect the discharge from Niue's meteoric lens.
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Elemental Geochemistry of Niue Groundwaters
Sample Location1 Elemental Concentrations (m n/L)
Name Ca Mg Na K Sr Cu Fe Mn Zn Cl S042 Br'
METEORIC LENS: RIM
Makefu SSP water well 2 69 20 24 0.719 0.103 0.005 0.016 0.000 0.362 27 8 0.000
Anaiki M. water well 3 58 20 16 0.400 0.106 0.013 0.007 0.000 0.032 21 5 0.000
Tuapa SP water well 4 57 19 16 0.381 0.104 0.002 0.002 0.000 0.025 19 5 0.000
Namukulu 1 SP water well 5 59 14 16 0.448 0.102 0.002 0.014 0.000 0.011 23 5 0.000
Hikutavake SP water well 6 58 15 15 0.502 0.158 0.003 0.061 0.000 0.444 19 5 0.000
Toi SP water well 7 60 17 21 0.671 0.173 0.025 4.540 0.040 0.560 26 6 0.000
Mutalau SP water well 8 54 14 18 0.503 0.177 0.002 0.001 0.000 0.055 21 6 0.000
Lakepa SP water well 10 62 19 15 0.325 0.106 0.004 0.005 0.000 0.042 18 4 0.000
Liku SP water well 11 59 14 21 0.511 0.162 0.005 0.011 0.000 0.050 23 6 0.000
Hakupu SP water well 12 48 6 9 0.267 0.114 0.004 0.001 0.000 0.068 7 4 0.000
Vaiea DP water well 15 50 6 8 0.539 0.237 0.011 0.365 0.001 0.045 6 4 0.000
Avatele SP water well 16 45 8 9 0.509 0.154 0.005 0.003 0.000 0.051 6 4 0.000
Tamakautoga SP water well 17 52 10 8 0.183 0.156 0.002 0.000 0.000 0.037 7 3 0.000
SP-1 water well 18 42 7 7 0.838 0.218 0.003 0.000 0.000 0.015 4 5 0.000
SP-2 water well 18 47 7 7 0.556 0.170 0.003 0.000 0.000 0.011 6 4 0.000
SP-3 water well 19 50 16 10 0.214 0.115 0.005 0.000 0.000 0.017 8 5 0.000
SP-4 water well 20 48 17 9 0.205 0.125 0.002 0.000 0.000 0.034 7 4 0.000
METEORIC LENS: INTERIOR
Liku-Alofi EA core hole 8 56 12 9 0.206 0.152 0.011 0.421 0.004 0.250 6 4 0.000
Tumau EA water well 23 59 7 7 0.288 0.186 0.007 0.143 0.000 0.137 4 3 0.000
BRACKISH WATER SPRINGS



















Location1 Elemental Concentrations (m9/L)
Ca Mg Na K Sr Cu Fe Mn Zn Cl SO /2 Br'
Limu Reef 2 spring L 188 467 3,840 140 2.761 0.009 0.012 0.000 0.021 7,072 982 37
Limu Reef 3 spring L 197 484 3,985 146 2.920 0.003 0.000 0.000 0.021 7,376 1,013 37
Limu Reef 4 spring L 290 846 7,120 258 4.914 0.035 0.000 0.000 0.135 12,903 1,899 66
COASTAL SEAWATER
Alofi SW 386 1,192 10,140 366 6.729 0.048 0.000 0.000 0.102
Tautu SW 382 1,187 10,082 363 6.676 0.042 0.000 0.000 0.084







































Makefu SSP water well 2 7.3 4.79 3.62 23.0 -11.0 -4.4
Anaiki M. water well 3 7.0 4.06 2.51 -9.4 -4.1
Tuapa SP water well 4 6.9 4.34 2.41 23.5 -9.1 -4.8
Namukulu 1 SP water well 5 6.7 3.94 2.11 23.5 -9.2 -6.1
Hikutavake SP water well 6 7.1 4.00 2.43 24.0 -8.8 -4.4
Toi SP water well 7 7.1 4.07 2.73 24.0 -9.7 -4.3
Mutalau SP water well 8 7.1 3.80 2.44 24.0 -9.5 -4.0
Lakepa SP water well 10 7.1 4.47 2.87 23.5 -10.2 -4.7
Liku SP water well 11 7.2 4.03 2.87 23.2 -10.0 -4.4
Hakupu SP water well 12 6.9 2.84 1.52 24.0 -6.5 -5.5
Vaiea DP water well 15 7.1 2.84 1.84 24.0 -8.0 -4.4
Avatele SP water well 16 6.8 2.92 1.66 24.5 -7.9 -5.2
Tamakautoga SP water well 17 6.9 3.34 1.78 24.0 -8.6 -4.6
SP-1 water well 18 6.8 2.52 1.34 24.0 -4.8 -4.9
SP-2 water well 18 6.8 3.09 1.70 24.0 -7.0 -4.1
SP-3 water well 19 6.9 3.28 2.60 23.0 -9.8 -4.6
SP-4 water well 20 7.0 3.68 2.25 23.5 -9.1 -4.8
METEORIC LENS: INTERIOR
Liku-Alofi EA core hole 8 7.0 3.89 2.25 -8.2 -3.8
Tumau EA water well 23 6.7 3.36 1.89 -7.2 -4.6
BRACKISH WATER SPRINGS



































Limu Reef 2 spring L 7.7 3.56 3.32 13.0 24.0 -11.2 -2.7
Limu Reef 3 spring L 7.7 3.70 3.48 14.0 24.0 -11.0 -2.3
Limu Reef 4 spring L 7.8 3.01 2.57 26.0 24.0 -7.0 -0.7
COASTAL SEAWATER
Alofi SW 8.0 2.61 1.89 1.0 0.5
Tautu SW 8.1 2.48 1.90 37.0 25.0 1.1 1.0
1 Location numbers correspond to site numbers in Figure 3.1.
co-si
APPENDIX K. APPARENT DOLOMITIZATION AGES 



















LSU1-4/7 44.5 0.709071 0.000011 1.78±0.23
LSU1-2/4  
Platform Interior




30.2 0.709025 0.000011 2.9910.33
13.0 21.2 0.709040 0.000012 2.4110.28
18.0 16.2 0.709073 0.000012 1.8110.20
22.0 12.2 0.709055 0.000009 2.0610.12
24.0 10.2 0.709026 0.000010 2.9910.33
28.0 6.2 0.709049 0.000017 2.28+0.24
34.0 0.2 0.709008 0.000017 3.4110.10
46.0 -11.8 0.709005 0.000012 3.3910.08
48.0 -13.8 0.709001 0.000017 3.3910.08




-29.4 0.709068 0.000011 1.8210.21
17.4 38.7 0.70904 0.00006 2.4110.28
21.9 34.2 0.70908 0.00012 1.58+0.07
32.6 23.5 0.70905 0.00008 2.2610.24




3.7 0.70904 0.00008 2.4110.28
Core DH4
198.0 -163.8 0.709114 0.000009 1.0010.17
198.0 -163.8 0.709005 0.000009 5.0410.08
199.0 -164.8 0.709107 0.000010 1.2710.25
211.0 -176.8 0.708984 0.000010 5.3010.20
213.0 -178.8 0.708988 0.000011 5.2610.24
219.0 -184.8 0.708965 0.000017 5.6510.15
220.0 -186.4 0.709026 0.000017 3.8311.20
223.0 -188.8 0.708992 0.000012 5.2610.20
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242.0 -207.8 0.709021 0.000009 4.07±0.96
246.0 -211.8 0.708989 0.000017 5.2710.24
247.0 -212.8 0.708986 0.000012 5.2710.24
250.0 -215.8 0.708973 0.000017 5.5510.24
264.0 -229.8 0.708981 0.000010 5.3110.20
270.0 -235.8 0.709012 0.000017 5.0310.08
271.0 •236.8 0.709008 0.000009 5.0310.08
272.0 -237.8 0.708970 0.000012 5.6010.19
275.0 -240.8 0.708983 0.000010 5.2810.23
277.0 -242.8 0.708977 0.000009 5.3110.19
282.0 -247.8 0.708979 0.000017 5.3110.19
290.0 -255.8 0.708980 0.000017 5.3110.20
293.0 -258.8 0.708970 0.000009 5.5810.17
299.0 -264.8 0.708983 0.000017 5.2810.23
300.0 -265.8 0.709018 0.000017 4.6710.37
303.0 -268.8 0.708993 0.000017 5.2410.21
Core DH7
184.0 -136.9 0.709027 0.000017 3.8111.17
1 87gry66gr va|ues normalized to NBS-987 =  0.710230.
2 All core data included here by courtesy of P. Aharon.
3 Fonuakula well 87Sr/“ Sr data and 2a  data are from Aharon et al. (1987).
The 87Sr/86Sr values have been normalized to NBS-987 = 0.710230.
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Core Sample Elev. Initial Dol. Elemental Concent[rations Molar Ratios Stable Isotopes
Depth Name Dolomite Texture Ca Mg Sr Na [Mg/Ca] I [Sr/Ca] [Na/Ca] 7 m  PDB
(m) (m) mole% wt.% wt.% (ppm) (ppm) x 10 I x104 xIO3 813C I 6 ” 0
22.0 12.0 99.3 CM 24.2 10.3 229 397 7.02 4.32 2.85 2.3 3.4
23.0 11.0 99.1 CM 24.0 10.2 240 391 7.00 4.58 2.84 2.8 2.7
24.0 10.0 79.0 CMS 23.1 10.4 192 339 7.47 3.81 2.56 2.6 2.9
25.0 9.0 100.0 MS 23.3 11.0 178 335 7.77 3.50 2.51 3.1 3.3
26.0 8.0 100.0 MS 23.7 10.7 193 334 7.49 3.73 2.46 3.3 3.3
27.0 7.0 98.2 M S 23.6 11.1 177 327 7.78 3.43 2.42 3.3 3.4
28.0 6.0 74.9 MS 22.7 11.0 168 323 7.97 3.38 2.49 3.0 3.3
29.0 5.0 99.4 CMS 23.0 10.4 199 358 7.46 3.95 2.71 3.2 3.1
30.0 4.0 99.0 CM 23.7 10.2 229 365 7.09 4.43 2.69 3.2 2.8
32.0 2.0 99.4 CM 24.0 10.3 253 412 7.07 4.81 2.98 3.0 2.7
33.0 1.0 100.0 CM 23.7 10.2 223 402 7.08 4.30 2.96 3.1 2.7
34.0 0.0 100.0 CM 23.7 10.2 230 370 7.11 4.44 2.73 2.8 2.8
36.0 -2.0 100.0 CM 23.7 10.4 204 350 7.26 3.94 2.58 3.0 2.9
37.0 -3.0 100.0 MS 23.0 11.4 143 251 8.20 2.85 1.90 2.8 3.4
38.0 -4.0 100.0 MS 22.7 11.3 124 226 8.18 2.50 1.74 2.8 3.5
39.0 -5.0 100.0 CMS 22.9 10.1 216 323 7.29 4.31 2.46 2.9 3.0
40.0 -6.0 100.0 MS 23.8 11.8 139 244 8.17 2.67 1.79 2.9 3.7
41.0 -7.0 99.7 MS 23.7 11.7 163 258 8.10 3.14 1.89 2.6 3.5
42.0 -8.0 100.0 MS 23.1 10.9 171 266 7.75 3.39 2.01 2.7 3.5
43.0 -9.0 100.0 MS 23.4 10.9 185 271 7.65 3.61 2.02 2.6 3.1
44.0 -10.0 100.0 MS 22.8 11.1 156 233 8.06 3.12 1.78 2.5 3.4
46.0 -12.0 99.3 CMS 22.8 10.7 190 284 7.71 3.82 2.17 2.6 3.1
47.0 -13.0 100.0 CM 24.2 10.4 250 334 7.07 4.73 2.41 2.5 3.0
48.0 -14.0 100.0 CMS 24.2 11.0 196 272 7.52 3.70 1.96 2.4 2.9
49.0 -15.0 100.0 MS 22.6 11.0 150 249 8.02 3.03 1.92 2.6 3.7
50.0 -16.0 100.0 CMS 22.9 10.4 188 304 7.47 3.76 2.31 2.1 3.2
51.0 -17.0 100.0 MS 23.2 11.7 142 235 8.29 2.80 1.76 2.6 3.6
52.0 -18.0 100.0 MS 22.0 11.2 134 236 8.36 2.79 1.87 2.5 3.8
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Core Sample Elev. Initial Dol. Elemental Concenl[rations Molar Ratios Stable Isotopes
Depth Name Dolomite Texture Ca Mg Sr Na [Mg/Ca] 1 [Sr/Ca] [Na/Ca] 7m PDB
(m) (m) mole% wt.% wt.% (ppm) (ppm) xIO 1 x104 x 103 8,3C 81,0
78.0 -44.5 98.6 CNM 24.6 10.3 223 334 6.88 4.14 2.37 1.5 3.7
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Core Sample Elev. Dolomite Crystal Phase I  Crystal Phase II _____
Depth Name Texture MgCOa degree of reflection % of MgCOa degree of reflection % of 
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186.0 233.2 CNM 0 0
1 The MgC03 mole% of each crystal phase was calculated from the X-ray diffraction analyses.
2 The degree of ordering was calculated using the equation for relative order % in section 7.2.7.
2 The reflection ratio was calculated using the equation in section 7.2.7.
4 The mean MgC03 mole% was estimated from the MgCOa mole% of the various crystal phases present proportional to their respective 
percentages of the total dolomite.
NA = value not available
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 Crystal Phase III  Crystal Phase IV   Mean Core Sample
MgCOj degree of reflection % of MgC03 degree of reflection % of MgC03 Depth Name 
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41.3 82 0.8669 100 41.3 182.0
41.5 70 0.8759 100 41.5 183.0
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As per your E-mail dated 13 October 2000, we hereby grant you permission to 
reprint the aforementioned material at no charge in your thesis subject to 
the following conditions:
1. If any part of the material to be used (for example, figures) has 
appeared in our publication with credit or acknowledgement to another 
source, permission must also be sought from that source. If such permission 
is not obtained then that material may not be included in your 
publication/copies.
2. Suitable acknowledgment to the source must be made as follows:
'Reprinted from Journal title. Volume number, Author(s), Title of 
article. Pages No., Copyright (Year), with permission from Elsevier 
Science'.
3. Reproduction of this material is confined to the purpose for which 
permission is hereby given.
4. This permission is granted for non-exclusive world English rights 
only. For other languages please reapply separately for each one required. 
Permission excludes use in an electronic form. Should you have a specific 
electronic project in mind please reapply for permission.
5. This includes permission for UMI to supply single copies, on demand, 
of the complete thesis. Should your thesis be published commercially, 




The processing of permission requests for all Elsevier Science (including 
Pergamon imprint) journals has been centralised in Oxford, UK. Your future 
requests will be handled more quickly if you write directly to: Subsidiary 
Rights Department. Elsevier Science, PO Box 800, Oxford 0X5 1DX, UK.
Fax: 44-1865 853333; e-mail: permissions9elsevier.co.uk
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September 20, 2000
Rights and Permissions 
Springer-Vertag New York, Inc.
175 Fifth Avenu6 
New York, New York 10001
Dear Sirs:
I am writing to request perm'ssion to include a paper that I published in the journal Coral Reets 
with my Ph.0. dissertation. I will receive my degree this December.
My university, Louisiana State University, encourages its Ph.D. students to publish their 
research during the course of the degree program and to submit the published papers as part of 
the dissertation. The papers are reformated to meet the university's style requirements and are 
printed on cotton bond with the rest of the dissertation.
My paper was ‘Mid-oceanic carbonate platforms as oceanic dipsticks: examples from the 
Pacific’ , published in volume 10 (1991), pages 101-114 of Coral Reefs (ISSN 1432-0975). I was 
the paper's first author and the second author, Paul Aharon, is my dissertation advisor. I would like 
to include the entire paper as pari of my dissertation chapter on the eustalic development of Niue 
Island.
I need a letter from Springer-Verlag on letterhead stationery stating that I may include the 
paper in my dissertation. The letter will be bound in an appendix of the dissertation as proof that 
permission was granted. I would appreciate it if you could send me the letter before the middle of 
October.
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Date: Tue. 24 Oct 2000 11:46:53 +0200 
From: "Esscnoreis, Alice" <Essenpreis®Sorineer.de>
To: ’"cwbccler@geol.lsu.edu’" <cwhccler@eeol.lsu.edu>
Dear Hr. Wheeler,
Thank you Cor your e-mail of October 13, 2000.
We herewith grant you permission to use your article published in 
Coral Reefs in 1991 in your dissertation.
We wish you much success as doctor.
Best regards,
Alice Essenpreis
Springer-Verlag GmbH & Co.KG 




FAX: (0) 6221/ 487 - 100 
e-mail: EssenpreisOspringer.de
Visit our home page: http://www.springer de/riohEs
— -— UrsprUngliche Nachricht----
Von: Chris Wheeler fm a l l t o : w h e e l a r 9a e o l . l e u . e d u l 
Gesendet am: Freitag, 13. Oktober 2000 18:06 
An: Essenpreia9springer.de 
Betreff: Urgant permissions request
Dear Ms. Essenpreis,
I am writing to request permission to include a paper that I published in 
the journal Coral Reefs with my Ph.D. dissertation. I am scheduled to 
receive my degree this December.
My university, Louisiana State University, encourages its Ph.D. students to 
publish their research during the course of the degree program and to submit 
the published papers as part of the dissertation. The papers are reformated 
to meet the university's style requirements and are printed on cotton bond 
with the rest of the dissertation.
My paper was "Mid-oceanic carbonate platforms as oceanic dipsticks: examples 
from the Pacific", published in volume 10 (1991), pages 101-114 of Coral 
Reefs (ISSN 1432-0975). I was the paper's first author and the second 
author, Paul Aharon, is my dissertation advisor. I want to include the paper 
as part of my dissertation's chapter on the sea-level record on Niue Island.
I need an e-mailed or faxed letter from Springer-Verlag stating that I may 
include the paper in my dissertation. The letter will be bound in an 
appendix of the dissertation as proof that permission was granted. The 
Graduate School will not accept the dissertation without a letter of 
permission.
The deadline for submitting the complete dissertation is noon on Friday, 
November 3. I need to have the letter of pc— .issisr. as soon as possible in
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N a ltc a p a % 3 0 U s a ti/ra |u % 2 0 lio g a n ty /M a iV
457
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Tuud*y, Oclobtr 24, 2000 AW: Urgant pafmttMon* raquaal
order to first obtain the various approvals required by my department. Due 
to time limits on my degree, if I miss the November 3 deadline, I will loose 
the Ph.D. degree altogether.
I apologize for the short notice, but my September 20 request to 
Springer-Verlag’s New York office went unanswered. I sent an e-mail inquiry 
to the New York office this morning and thereby learned chat I need to send 
the request to you.
I would greatly appreciate your earliest response.




Department of Geology and Geophysics
235E Howe-Russell Geoscience Complex
Louisiana State University
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August 28, 2000
Dr. Robert Tye, SEPM Copyright and Permissions Editor 
ARCO Exploration and Production Technology 
2300 W. Plano Parkway 
Plano, Texas 75075
Dear Sirs:
I am writing to request permission to include a paper that I published through the Journal o( 
Sedimentary Research with my Ph.D. dissertation. I will receive my degree this December.
My university, Louisiana State University, encourages its Ph.D. students to publish their 
research during the course of the degree program and to submit the published papers as part of 
their dissertations. The papers are relormated to meet the university's style requirements and are 
printed on cotton bond with the rest ol the dissertation.
My paper was "Successions ot late Cenozoic platform dolomites distinguished by texture, 
geochemistry, and crystal chemistry: Niue, South Pacific", published in volume 69 (1999), issue 
no. 1, pages 239-255 of the Journal of Sedimentary Research. I was the paper's first author; the 
second and third authors were Paul Aharon and Ray E. Ferrell, my dr'•trtation advisor and a 
member of my dissertation committee, respectively.
I need a letter from JSR stating that I may include the paper in my dissertation. The letter will be 
bound in an appendix of the dissertation as proof that permission was granted. I would appreciate 
it if you could send me the letter before the end of September.
Should you wish to send tho letter by fax, the correct departmental number is (225) 368- 
2302. The area code given at the base of this page is out-of-date.
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Subject: Copyright Request 
C hris .
Hello and congratulations
I'm in the process of moving and cannot stamp your request for official approval because all my 
stuff is packed.
With this note, SEPM  is giving you permission to include the article “Secessions of late Cenozoic 
platform dolomites distinguished by texture, geochemistry, and crystal chemistry: Niue, South 
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Chart 1 B-B' depositions! aga and dapoaWonal facias croes-aactkxi of the Niue platform. The Kna of section is shown in Fi 
column dapicts the location of subaeriai unoonformitiae, and the righthand column displays the depositional facias. Forth* 
magnatoatiatigraphy, strontium isotope chronoebatfgraphy, and biostratigraphy (see Chapter 3). Depositional fades are in 
meteoric dip genetic zones and their associated erosional unconformities (see Chapter 5).
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i. The line of section is shown in Figure 3.1. In each wel, the left column represents the magnetic polarity record, the middle 
tys the depositional fades. For the designations of the various polarity chrona, see Figure 3.23. Depositional ages are from 
apter 3). Depositional facies are inferred from the observed lithofades (see Chapter 4). Subaerial unconformities represent 
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Chart 2 D-D1 depositional age and depositional fades cross-section of the Niue platform. The line of section is shown 
location of subaeriai unconformities, and the riqhthand ookjmn displays the depositional fades. The numbers adjacem 
polarity chrons, see Figure 3.23. Depositional ages are from magnetostratigraphy, strontium isotope chronostratigrapti 
4). Subaeriai unconformities represent meteoric diagenetic zones and their associated erosional unconformities (see (
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ion is shown in Figure 3.1. In each well, the left column represents the magnetic polarity record, the middle column depicts the 
Mrs adjacent to the Amanau Quarry and Fonuakuia columns are depositions! ages in Ma. For the designations of the various 
nostratigraphy, and bioetratigraphy (see Chapter 3). Depositional facies are inferred from the observed lithofades (see Chapter 
rmities (see Chapter 5).
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Christopher Waldo Wheeler was bom on September 26,1951, in Chula Vista, California, the 
son of Walter and Ella Josephine (West) Wheeler. From 1958 to 1960, the family lived in Lincoln, 
Nebraska. His interest in geology was sparked in 1960 when a friend gave him a sample of blue 
fluorite from Colorado, then grew that summer during a trip to the Grand Canyon and California. 
From 1960 to 1967, the family lived in east and northcentral Texas, where Chris collected fossils 
of the Cretaceous section and won the local seventh grade science fair in 1963 for a project 
based on this collection. The family moved to Titusville, Florida, in 1967, and Chris graduated from 
Titusville High School in June, 1969.
Chris began his undergraduate training at Florida Technological University (now University of 
Central Florida) in Orlando in the fall of 1969. He transfered to the University of Nebraska-Lincoln 
in 1971 and completed his bachelor's degree in geology in August, 1973. He began his master’s 
degree studies a few days later at the University of Wisconsin-Madison, where he studied 
carbonate sedimentology and stratigraphy under Dr. Lloyd C. Pray. His master’s thesis was a field 
study of part of the Queen and Seven Rivers formations within the outermost few kilometers of 
the Permian shelf in Dog and McKittriok canyons, Guadalupe Mountains, New Mexico, and west 
Texas. He received his master’s degree in geology in December, 1985.
In November, 1975, Chris joined Cities Sen/ice Company (Citgo) in Jackson, Mississippi, as a 
petroleum geologist. In 1980, he became a petroleum geologist for Forest Oil Corporation, also in 
Jackson. When natural gas prices crashed and the industry retrenched in 1983, Chris decided to 
change professions and spent a year studying pre-med at Millsaps College.
The draw to geology was too strong, however. In 1985, Chris entered the doctoral program in 
geology at Louisiana State University. In 1991, he became a full-time employee of the Department 
of Geology and Geophysics as the laboratory technician for the Stable Isotope Laboratory while 
continuing work on his dissertation. Completion of the doctoral degree is the realization of a life­
long dream.
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